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atom s on th e  p e r i s e l e c t i v i t y  o f  th e  r e a c t io n  w ith  c y c lo p e n ta d ie n e , 
th io p h e n e  d io x id e  was r e a c te d  w ith  s p i r o [2.1+]hep ta-lj-, 6- d ie n e . I f  th e  
s p i ro  s t e r i c  i n t e r a c t i o n s  had any  in f lu e n c e  on th e  p e r i s e l e c t i v l t y  o f  
th e  th io p h e n e  d io x id e  r e a c t io n s  w ith  c y c lo p e n ta d ie n e , th e n  more o f  t h i s  
r e a c t io n  sh o u ld  have p roceeded  by  th e  Ij-ttCtd) + 2ir(CPD) pathw ay becau se  
th e  s t e r i c  b u lk  o f  b o th  r e a c t a n t s  i s  n e a r ly  i d e n t i c a l .  However, o n ly  
th e  UtiCCPD) + 2tt(TD) t r i c y c l i c  ty p e  o f  ad d u c t was i s o l a t e d  from  t h i s  
r e a c t i o n ,  in  60% y i e l d .
A lthough f r o n t i e r  m o le c u la r  o r b i t a l  th e o ry  can  r a t i o n a l i z e  th e  
p e r i s e l e c t i v i t y  o f  th e  CPD-TD r e a c t i o n s ,  s t e r i c  e f f e c t s  o f  th e  sub­
s t i t u e n t s  ap p ea r t o  be  th e  dom inant f a c t o r  d e te rm in in g  th e  r e g io s e le c -  
t i v l t y  o f  b o th  th e  CPD and d im e r iz a t io n  r e a c t io n s  o f  th e  th io p h e n e  
d io x id e s  s tu d ie d .  Thus th e  CPD c y c lo a d d i t io n s  and d im e r iz a t io n  
r e a c t io n s  o c c u rre d  a t  th e  l e a s t  s u b s t i t u t e d  TD d o u b le  bond to  form  th e  
l e a s t  s t e r i c a l l y  crow ded D ie ls -A ld e r  a d d u c t.
The D ie ls -A ld e r  c y c lo a d d i t io n s  o f  l~ m e th y lc y c lo p ro p en e  to  3 -m e th y l, 
2-m e th y l, 3 - is o p ro p y 1- ^ - is o p r o p e n y l  and 3-c h lo ro -^ -m e th o x y  th io p h e n e  
d io x id e s  w ere s tu d ie d .  Both th e  2 -  and 3 -m e th y lth io p h en e  d io x id e s  
r e a c te d  w ith  1 -m e th y lc y c lo p ro p e n e  to  g iv e  a p p ro x im a te ly  1 :1  m ix tu re s  
o f  th e  two p o s s ib le  r e g io is o m e r ic  d im e th y l-1 , 3 , 5- c y c lo h e p ta t r i e n e s  in  
55-60# y i e l d s .  However, th e  1 -m e th y lcy c lo p ro p en e  r e a c t io n  w ith  3 -  
is o p ro p y l- l t- is o p ro p e n y lth io p h e n e  d io x id e  gave a  60% y i e l d  o f  a  r e g io -  
is c m e ric  m ix tu re  c o n ta in in g  67% o f  th e  3 - is o p ro p y l-U - is o p ro p e n y l- 1 -
x i
m e th y lc y c lo h e p ta t r ie n e  and  33% o f  t - i s o p r o p y l - 3 - i s o p r o p e n y l - l - m e th y l -  
e y c lo h e p ta - 1 , 3 , 5 - t r i e n e . The r e a c t i o n  o f  1 -m e th y lc y c lo p ro p e n e  w ith  3 -  
c h lo ro -lt-m e th o x y th io p h e n e  d io x id e  gave  a  10% y i e l d  o f  a  r e g io is o m e r ic  
m ix tu re  w hich  c o n ta in e d  83% o f  th e  3 -c h lo ro -^ -m e th o x y - l-m e th y lc y c lo -  
h e p ta - 1 , 3 , 5- t r i e n e  and  17% o f  th e  U -c h lo ro -3 -m e th o x y -l-m e th y l r e g io -  
is o m e r .
A ttem p ts  t o  c y c lo a d d  th e  e l e c t r o n  r i c h  o l e f i n s , e th y l  v i n y l  e th e r  
and  th e  p y r r o l id in e  enam ine o f  2 -m e th y lp ro p a n a l , to  3- e t h y l  and  3 ,U - 
d im e th y lth io p h e n e  d io x id e , o r  t o  add  1- d ie th y la m in o - 1 , 3 -b u ta d ie n e  t o  
3 , ^ - d im e th y lth io p h e n e  d io x id e ,  f a i l e d .  T hese f a i l u r e s  w ere a t t r i b u t e d  
t o  th e  a n tib o n d in g  i n t e r a c t i o n  o f  t h e  s u lfo n e  oxygen o r b i t a l  o f  th e  
th io p h e n e  d io x id e  LUMO w ith  th e  HOMO o f  th e  e l e c t r o n - r i c h  o l e f i n .
F a r t  I I .  A P ro b e  o f  S u b s t i tu e n t  E f f e c t s  on th e  D ie ls  A ld e r  R e a c tio n
T h is  s tu d y  was an  a t t m p t  t o  p ro b e  th e  o r i g i n  o f  s u b s t i t u e n t  
e f f e c t s  on th e  a c t i v a t i o n  e n e r g ie s  o f  th e  c o n c e r te d  and  b i r a d i c a l  
t r a n s i t i o n  s t a t e s .
Ab i n i t i o  c a l c u l a t i o n s  w ith  th e  ST0-3G m in im al b a s i s  s e t  and  th e  
Morokuma en erg y  p a r t i t i o n i n g ,  w ere u se d  t o  r e s o lv e  t h e  a c t i v a t i o n  
e n e r g ie s  o f  th e  Salem -H ehre (S-H) b i r a d i c a l  and  c o n c e r te d  t r a n s i t i o n  
s t a t e s  i n t o  d i s t o r t i o n ,  e l e c t r o s t a t i c ,  p o l a r i z a t i o n ,  exchange r e p u ls io n  
and  c h a rg e  t r a n s f e r  com ponents.
The c o n c e r te d  t r a n s i t i o n  s t a t e  had 27 k c a l/m o l m ore d i s t o r t i o n  
en erg y  th a n  th e  b i r a d i c a l  t r a n s i t i o n  s t a t e .  However, th e  i n t e r a c t i o n  
com ponent o f  th e  c o n c e r te d  t r a n s i t i o n  s t a t e  was s t a b i l i z i n g  b y  25 
k c a l /m o l ,  w h ereas  t h e  b i r a d i c a l  t r a n s i t i o n  s t a t e  h ad  a  d e s t a b i l i z i n g  
i n t e r a c t i o n  e n e rg y  o f  15 k c a l /m o l .  The d i f f e r e n c e s  i n  t h e  tw o i n t e r ­
a c t i o n  e n e r g ie s  r e s u l t e d  in  t h e  s t a b i l i z a t i o n  o f  t h e  c o n c e r te d  t r a n ­
s i t i o n  s t a t e  o v e r  t h e  b i r a d i c a l  t r a n s i t i o n  s t a t e  b y  13 k c a l /m o l .
x i i
R e s o lu tio n  o f  th e  two i n t e r a c t i o n  e n e rg ie s  in to  t h e i r  r e s p e c t iv e  
com ponents shoved t h a t  th e  "b ira d ic a l t r a n s i t i o n  s t a t e  had 28 kcaX/mol 
l e s s  c h a rg e  t r a n s f e r  and 1 6  k c a l/m o l m ore exchange r e p u ls io n  th a n  th e  
c o n c e r te d  t r a n s i t i o n  s t a t e .
Amino and cyano s u b s t i t u e n t s  v e re  s u b s t i t u t e d  on to  th e  S-H t r a n ­
s i t i o n  s t a t e s  in  an  a t te m p t to  model donor and a c c e p to r  in t e r a c t io n s  
p r e s e n t  i n  more p o la r  D ie ls -A ld e r  r e a c t io n s .  The ra n g e  o f  th e  
d e s t a b i l i z in g  d i s t o r t i o n  e n e rg ie s  o f  v a r io u s  amino and cyano s u b s t i ­
t u t e d  d e r iv a t iv e s  o f  th e  c o n c e rte d  and b i r a d i c a l  com plexes was 6 k c a l / -  
m o l, w h ile  th e  ran g e  o f  i n t e r a c t io n  e n e rg ie s  was 15 k c a l/m o l. R eso lu ­
t i o n  o f  th e  i n t e r a c t i o n  e n e rg ie s  o f  th e s e  p o la r  t r a n s i t i o n  s t a t e  m odels 
in d ic a te d  t h a t  c h a rg e  t r a n s f e r  and exchange r e p u ls io n  w ere th e  v a r i a b le s  
m ost s e n s i t i v e  to  s u b s t i t u t i o n .  F u r th e r  ex am in atio n  o f  s e v e ra l  r e g i o -  
Iso m e ric  com plexes in d ic a te d  t h a t  th e  c h a rg e  t r a n s f e r  and exchange 
r e p u ls io n  were c o u p led . G e n e ra lly , when th e  ch arg e  t r a n s f e r  in c re a s e d  
f o r  a  p a r t i c u l a r  o r i e n t a t i o n ,  th e  exchange r e p u ls io n  d e c re a se d , How­
e v e r ,  th e s e  m odels f a i l e d  t o  re p ro d u ce  th e  e x p e r im e n ta lly  o b se rv ed  
s u b s t i t u e n t  e f f e c t s ,  w hich in d ic a te d  t h a t  th e  t r a n s i t i o n  s t a t e s  o f  
th e s e  p o la r  D ie ls -A ld e r  ad d u c ts  a r e  somewhat d i f f e r e n t  from  th e  
u n o p tim lz e d  m odels u s e d  i n  t h i s  s tu d y .
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I .  INTRODUCTION
A lth o u g h  th io p h e n e - 1 ,1 - d io x id e s  h av e  t e e n  known f o r  a to u t  f i f t y  
y e a r s ,  t h e  c h e m is tr y  o f  t h e s e  s p e c ie s  h a s  t e e n  e x p lo re d  o n ly  s p o r a d i ­
c a l l y .  G e n e r a l ly ,  t h e  c h e m is try  r e p o r t e d  i n  t h e  l i t e r a t u r e  in v o lv e s  
s t e r i c a l l y  crow ded p o l y s u b s t i t u t e d  d e r i v a t i v e s  o r  d e r i v a t i v e s  t h a t  
a r e  fu s e d  t o  a ro m a tic  s y s te m s , 'b e c a u s e  t h e  p a r e n t  and  m o n o s u b s t i tu te d  
d e r i v a t i v e s  d im e r iz e  r a p i d l y : 1
S in c e  a  s y n th e s i s  o f  a z u le n e s  in v o lv in g  c y c lo a d d i t io n s  o f  t h i o -  
p h e n e -1 , 1 - d io x id e s  t o  e l e c t r o n - r i c h  f u lv e n e s  h a s  t e e n  d e v e lo p e d
r e a c t i o n s  o f  th io p h e n e  d io x id e s  w i th  o t h e r  e l e c t r o n - r i c h  a lk e n e s  
a s  w e l l  a s  w i th  e l e c t r o n - d e f i c i e n t  a lk e n e s .  S p e c i f i c a l l y ,  a t t e n ­
t i o n  was fo c u s s e d  on u n sy m m e tr ic a l o l e f i n s  so  t h a t  b o th  th e  r e g i o -  
s e l e c t i v i t y  and  p e r i s e l e c t i v i t y  o f  t h e  th io p h e n e  d io x id e  r e a c t i o n s  
c o u ld  b e  e x p lo re d .  A d d i t io n a l  e x p e r im e n ta l  d a t a  w ere  so u g h t i n  
o r d e r  t o  f a c i l i t a t e  dev e lo p m en t o f  a  m o le c u la r  o r b i t a l  m odel t h a t  
w ould  r a t i o n a l i z e  t h e  o b se rv e d  b e h a v io r  an d  c o u ld  p r e d i c t  th e  
g e n e r a l  p a t t e r n s  o f  r e g i o s e l e c t i v i t y  and  p e r i s e l e c t i v i t y  o f  
th io p h e n e  d i o x i d e s .
SO;
r e c e n t l y  i n  o u r  l a b o r a t o r i e s , 2 i t  was o f  i n t e r e s t  t o  e x p lo re
2F a r t  A. S y n th e s is  o f  T hiophene D io x id es
T hiophene d io x id e s  have  "been s y n th e s iz e d  "by two b a s ic  a p p ro a c h e s : 
Cl) o x id a t io n  o f  t h e  c o rre sp o n d in g  th io p h e n e ;  (.2 ) e l im in a t io n  o f  
HX from  th e  a p p r o p r i a t e ly  d i s u b s t i t u t e d  te t r a h y d r o th io p h e n e - 1 ,1 -  
d io x id e  . The o x id a t iv e  ap p ro ach  h a s  b e en  by  f a r  th e  m ore th o ro u g h ly  
e x p lo re d  r o u te ,
P e rb e n z o ic  a c id  was u se d  by  B acker e t  a l . 3 t o  s y n th e s iz e  th e  f i r s t  
e x te n s iv e ly  c h a r a c te r i z e d  th io p h e n e  d io x id e :
T h is  o x id a t iv e  ap p ro ach  was a  r e p e t i t i o n  o f  e a r l i e r  w ork by  H in s b e rg . 5
s y n th e s iz e d  a  v a r i e t y  o f  s u b s t i t u t e d  th io p h e n e  d io x id e s  w ith  p e r a c id  
CTable I ) .  B acker and M elle s  a l s o  n o te d  t h a t  th e  o x id a t io n  was 
r e ta r d e d  by  e le c tro n -w ith d ra w in g  s u b s t i t u e n t s .  I n  o u r l a b o r a t o r i e s ,
e th y le n e  k e t a l  o f  2 - a c e t y l - 5-m e th y lth io p h e n e  t o  th e  c o r re sp o n d in g
The b a s ic  id e a  was e x p lo i te d  e x te n s iv e ly  by B acker and  M e l le s , 6 who
f o r  exam ple, D r. Mukher j e e 7*3 h a s  a t te m p te d  th e  o x id a t io n  o f  th e
3o --------------y
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T a b le  I , O x id a tio n  o f  T h io n h en es  t y  P e r a c id .
2* 2a. Rs C o n d it io n /Y ie ld  (
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A) a c e t i c  a c id /h y d ro g e n  p e r o x id e ,
B) p e rh e n z o ic  a c i d .
C) m -c h lo ro p e rh e n z o ic  a c i d .
kd io x id e  u s in g  m -c h lo ro p e rb e n z o ic  a c id  w ith o u t s u c c e s s .  The r e a c t io n  
f a i l s  in  s p i t e  o f  o n ly  m ild  in d u c t iv e  e le c tro n - w ith d ra w a l  "by th e  k e t a l  
m o ie ty , and  th e  f a c t  t h a t  h in d e re d  s p e c ie s  such  a s  2 , 5- d i - t e r t - b u t y l -  
th io p h e n e  d io x id e  a r e  r e a d i l y  o x id iz e d  t o  th e  d io x id e  hy  p e r a c id .  The 
o x id a t io n  o f  2 - ( l - a c e t o x y e t h y l ) - 5-m e th y lth io p h e n e  a s  w e l l  a s  2 - i s o p r o -  
p y l - 5-m e th y lth io p h e n e  p ro c e ed  u n d e r  th e  same c o n d i t io n s  in  y i e l d s  o f  
68% and 71%, r e s p e c t i v e l y . 713 M ukherjee73, h as  a l s o  n o te d  t h a t  n e u t r a l i ­
z a t io n  o f  th e  r e s u l t i n g  b e n zo ic  a c id  i s  n e c e s s a ry  t o  o b ta in  th e  
maximum y i e l d  o f  th e  th io p h e n e  d io x id e .
A lth o u g h  th e  o x id a t iv e  ap p ro ach  i s  s im p le , t h i s  m ethod i s  l im i t e d  
f o r  th e  fo l lo w in g  re a s o n s  t o  th e  r e a c t io n s  o f  s t e r i c a l l y  crow ded t h i o -  
p h en es . The o x id a t io n  i s  s te p w is e ,  p ro c e e d in g  th ro u g h  a  th io p h e n e  
monoxide t h a t  a p p ea rs  t o  be  o x id iz e d  a t  a  r a t e  (k 2 l com parab le  t o  i t s  
r a t e  o f  fo rm a tio n  ( k i ) .  S in ce  f u r t h e r  o x id a t io n  i s  slow  enough t o  
a llo w  th e  m onoxide to  a cc u m u la te  s u b s t a n t i a l l y ,  a l t e r n a t e  r e a c t i o n ( s )  
o c cu r w hich cau se  a  po o r y i e l d  o r  no y i e l d  o f  th e  th io p h e n e  d io x id e :
The tt system  o f  . t h e  th io p h e n e  m onoxide i s  m ore r e a c t i v e  th a n  th e  
tt system  o f  th e  th io p h e n e  due t o  th e  a p p a re n t l o s s  o f  a r o m a t ic i ty  and 
e le c t r o n  w ith d ra w a l b y  th e  oxygen . In  th e  c a se  o f  th io p h e n e ,  th e  
p e r a c id  o x id a t io n  h a s  b e en  shown t o  y i e l d  th e  b i c y c l i c  s u l f o x id e  
s u l f o n e 8 *9 1 ;
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T h is  i s  th e  same s t r u c t u r a l  s k e le to n  r e p o r te d  by B acker and M e lle s 9 
f o r  th e  p ro d u c t  i s o l a t e d  upon o x id a t io n  o f  3 - p h e n y l ,  3-m e th y l and 
3 , ^ -d im e th y lth io p h e n e . The s t r u c t u r a l  a ss ig n m e n t o f  th e  2 -m e th y l 
s e q u io x id e ,  U, h as  b een  c o r r e c t e d  by v an  T i lb o r g . 10 Even th o u g h  one 
i s  tem p ted  t o  fo rm u la te  t h i s  a s  a  [U + 2 ] c y c lo a d d i t io n  r e a c t io n  
betw een  th e  m onoxide and th e  d io x id e  (e q . l ) ,  th e  p ro d u c t  may v e ry  
w e ll  be  th e  r e s u l t  o f  a  d im e r iz a t io n  o f  t h e  m onoxide fo llo w e d  by 
o x id a t io n  o f  th e  d im er t o  t h e  o b se rv e d  b i c y c l i c  s e s q u io x id e  (e q . 2 ) :
5 0  +
o
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6S O so
( 1 )
H ow ever, why t h e  b r id g e h e a d  s u l f o x id e  w ould h e  o x id iz e d  m ore s lo w ly  
th a n  th e  c o n ju g a te d  s u l f o x id e  (.eq.* 2 )  i s  n o t  o b v io u s . I r r e s p e c t i v e  o f  
t h e  r a t i o n a l i z a t i o n  evoked  t o  e x p la in  t h e  r e s u l t s , t h e  o x id a t iv e  m ethod 
u t i l i z i n g  p e r a c id  i s  o f  no s y n th e t i c  v a lu e  f o r  su ch  r e a c t i v e  sy s te m s .
The m ore g e n e r a l  a p p ro a ch  t o  t h e  s y n th e s i s  o f  th io p h e n e  d io x id e s  
u t i l i z e s  t h e  d o u b le  e l im in a t io n  o f  HX from  a  t e t r a h y d r o th io p h e n e - 1 ,1 -  
d io x id e .  T h is  a p p ro a c h , f i r s t  r e p o r te d  by  B ac k e r e t  a l . , 13 was u se d  
t o  s y n th e s iz e  2 , U - d i - t e r t - b u t y l t h i o p h e n e - 1 , 1 - d io x id e .  The y i e l d  was 
n o t  r e p o r t e d :
T h is  a p p ro a c h  h a s  b e e n  e x p lo i t e d  b y  s e v e r a l  g roups*  *ll+ *15 t o  g e n e r a te  
b o th  s t a b l e  d i s u b s t i t u t e d 'a n d  l i a b l e  m o n o s u b s t i tu te d  th io p h e n e  d i o x i d e s ;
A s- Rr
SO*
(3o.se.
H  X -  Br, c l R z
T a b le  I I  c o n t in u e d  on n e x t  p a g e .
7T a b le  I I .  S y n th e s is  o f  T h iophene D io x id e s  by  Double E l im in a t io n .
R2 h 3 Rs Y ie ld
H H H H —
Me H Me H 53
H Me Me H 65
H Cl Cl H 82
Me H H H —
H Me H H —
H Ph H H —
E t H H H —
S in c e  th e  u n s ta b l e  th io p h e n e  d io x id e s  a r e  g e n e ra te d  in_ s i t u , i t  
i s  im p o s s ib le  t o  m easure  d i r e c t l y  th e  y i e ld s  o f  th e  th io p h e n e  d io x id e  
fo rm ed . However, th e  r e a c t i o n  o f  t r i e th y la m in e  w ith  3 ,U -d ib ro m o - 
te tr a h y d ro th io p h e n e  d io x id e  g iv e s  90% o f  th e  t h e o r e t i c a l  am ount o f  
s a l t  a f t e r  bo m in . a t  -2 0 °C , im p ly in g  an a lm o s t q u a n t i t a t i v e  y i e l d  
o f  th e  th io p h e n e  d io x id e .
T h is  a p p ro a c h , a lth o u g h  a p p a r e n t ly  q u i t e  g e n e r a l ,  i s  s t i l l  l im i t e d  
b e c a u se  th e  p r e c u r s o r  2 , 5 -d ih y d r o th io p h e n e - l ,1 - d io x id e s  a r e  s y n th e s iz e d  
from  1 ,3 - b u ta d ie n e s .  The r e a c t i o n  o f  b u ta d ie n e s  w ith  SO2 g iv e s  th e  
2 ,5 -d ih y d ro  compounds i n  f a i r  t o  po.or y i e l d s  (T ab le  I I I ) .  F u r th e rm o re , 
th e  r e a c t i o n  o f  1 - s u b s t i t u t e d  1 ,3 - b u ta d ie n e s  w ith  s u l f u r  d io x id e  i s  
n o t  g e n e r a l .  The re a s o n s  f o r  t h e s e  f a i l u r e s  a r e  n o t c o m p le te ly  
u n d e rs to o d . However, r e c e n t  d a ta 2 3 ’24 on th e s e  r e a c t io n s  s u g g e s t  t h a t  
t h r e e  f a c t o r s  a r e  im p o r ta n t f o r  s u l f u r  d io x id e  a d d i t io n  t o  a  d ie n e :
( l )  t h e  r e a c t io n  a p p e a rs  t o  be  s l i g h t l y  a c c e le r a te d  by  an  e l e c t r o n  
r i c h  d ie n e ;  (2 ) th e  d ie n e  m ust h e  a b le  t o  a c h ie v e  an  s - c i s - c o n fo r -  
m a tio n ; and (.3) th e  S02 a d d i t io n  i s  s e n s i t i v e  t o  s t e r i c  e f f e c t s .
S t e r i c  e f f e c t s  a r e  r a t e  r e t a r d i n g  i f  s u b s t i t u t i o n  i s  a t  t h e  1 -  o r  Im­
p o s i t i o n s  o f  th e  1 ,3 - b u ta d ie n e ,  b u t  r a t e  a c c e l e r a t i n g  a t  t h e  2 -  o r  3 -
8SO -
i a
T a b le  I I I .  S y n th e s is  o f  2 ,  5 -D ih y d ro th io p h e n e  D io x id e s .*
Rlb Rl a R2. R3_ K4 Yield(SS) R e fe re n c e
H H H H H 81+ 1
H H Me H H 8 0 (5 5 ) 1 6 (1 7 )
H Me H H H 50 16
H H Me Me H 55 16
H Me H Me H 1+7 28
H Me H H Me <10 28
Me Me Me Me Me 58 27
H c y c lo h e x y l H H H 5U 18
H £-110 2Ph H H H 1+1 18
H Ph H H H no r x n 18
H £-MeOPh H H H no rx n 18
H CN H H H no rx n 18
H AcO H H H no rx n 18
H C l H H H no rx n 21
H H Ph H H 1+9 19
H H Cl H H 55 2 0 ,2 1
Cl ch2=c ( c i ) - C l Cl H 61 22
H Ph -CH=CH--CH=CH- Ph 69 2 5 ,2 6
#A m ore d e t a i l e d  t a b l e  can  b e  fo u n d  i n  S . D. T urk an d  R . L. 
Cobb, " l , l+ -C y c lo a d d i t io n  R e a c t io n s " ,  J .  H am er, E d . ,  A cadem ic P r e s s ,  
New Y ork , C h a p te r  2 ,  1 9 6 7 .
9p o s i t i o n .
A n o th e r p o t e n t i a l l y  s e v e r e  c o m p lic a t io n  i s  t h a t  t h e  e l im in a t io n  
from  th e  t e t r a h y d r o  d e r i v a t i v e ,  e s p e c i a l l y  2 - s u b s t i t u t e d  d e r i v a t i v e s ,  
c an  b e  q u i t e  com plex . F o r ex am p le , d u r in g  t h i s  i n v e s t i g a t i o n ,  a  s id e  
r e a c t i o n  d o m in a ted , and  no th io p h e n e .d io x id e  was p ro d u c e d  from  3,l+~ 
d ib r o m o - 2 - ( p - n i t r o p h e n y l ) 2 , 5 - te t r a h y d r o th io p h e n e  d i o x i d e .
Ph m x~ £
ko- t ‘ B n  ■
“ > CH1=CH-C =  c -  P h N 0 %- L
Br
6 r
s o x or
N <\ NH-
An o b v io u s  s o l u t i o n  t o  t h e  f i r s t  d i f f i c u l t y  i s  t h e  d ev e lo p m en t 
o f  a l t e r n a t e  r o u t e s  t o  t h e  d ih y d ro  o r  t e t r a h y d r o th io p h e n e - 1 ,1 -  
d io x id e s .  A p o t e n t i a l l y  v e r y  g e n e r a l  s y n th e s i s  o f  t h e s e  compounds 
h a s  b e en  e x p lo re d  by  M cIn tosh  e t  a l . : 2 9 ,3 °
J
>
T a b le  IV . S y n th e s is o f  2 , 5 -D ih y d ro th io p h e n e s .
R1 r 2 X r 3 Rtt r 5 Y ie li
— — -- — — ----
Me H PPh3 i: :ch2 ) it - 36
— Cch2 ) 4- PPh3 C y c lo p e n ty l H H 56
E t E t PPh3 E t H H 27
Me Ph PPh3 E t H H 51
Me C y c lo h ex y l PPh3 —  Cch2 ) 4— H 11
C02Me H P03E t2 H H H 61*
C02Me Ph P 0 3E t 2 H H H 1+5#
C02Me C y clo h ex y l P 0 3E t2 H H H 7 6 #
C02Me N -Pr P 0 3E t2 H H H 65#
^ O v e ra l l  y i e l d  f o r  c y c l i z a t i o n  an d  o x id a t io n  t o  
th io p h e n e  d i o x i d e s .
2 , 5 -d ih y d ro -
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T h is  summary o f  r e s u l t s  i n  T a b le  IV s u g g e s ts  t h a t  t h e  p r e v io u s ly  in a c ­
c e s s i b l e  th io p h e n e  d io x id e s  m ig h t b e  s y n th e s iz e d  u s in g  t h i s  a p p ro a c h .
A n o th e r p o s s i b l e  a l t e r n a t i v e  s y n th e s i s  o f  t h e  d ih y d ro th io p h e n e -  
1 ,1 - d io x ld e s  was s u g g e s te d  b y  t h e  w ork o f  M u rray , Day e t  a l . : 31
SO
ZA
D eco m p o sitio n  o f  t h e  e th y le n e  s u l f o x id e  g e n e r a te s  SO i n  an e x c i t e d  
s i n g l e t  s t a t e  w hich  a p p e a rs  t o  b e  m ore r e a c t i v e  th a n  SO2 . Once th e  
d ih y d ro  m onoxide h a s  b een  fo rm e d , tw o p o t e n t i a l  r o u t e s  can  be con­
c e iv e d  t o  o b t a in  t h e  d e s i r e d  te t r a h y d r o th io p h e n e  d io x id e s :
x Y ^ \
so
:so
SOL
H ow ever, an  a t te m p te d  s y n th e s i s  o f  2 -c a rb o e th o x y -2 , 5 -d ih y d ro th io p h e n e  
m onoxide i n s t e a d  gave 2 -c a rb o e th o x y th io p h e n e 9 0 :
11
coxu
A p o s s i b l e  r a t i o n a l e  f o r  t h i s  u n e x p e c te d  r e s u l t  I s  due t o  t h e  a c i d i t y  
o f  t h e  a -h y d ro g e n  o f  % w hich  f a c i l i t a t e s  t h e  Pummerer r e a r r a n g e m e n t3 2 ’ 33 
t o  6 :
- t f ,  g  c = = \
^  A
I f  t h i s  e n o l i z a t i o n  i s  Im p o r ta n t ,  th e n  p e rh a p s  p r o t e c t i n g  t h e  c a rb o n y l 
a n d /o r  s l i g h t l y  d e c r e a s in g  th e  r e a c t i o n  te m p e ra tu re  sh o u ld  y i e l d  th e  
d e s i r e d  m onox ide . H ow ever, t h e  a p p ro a c h  was abandoned  b e c a u s e  o f  t h i s  
f a i l u r e .
F i n a l l y ,  t h e  v e ry  s p e c i a l i z e d  s y n th e s i s  o f  3 - i s o p r o p y l - ^ - l s o p r o -  
p e n y l th io p h e n e - 1 , 1 - d io x id e  was r e p o r t e d  by  B raverm an e t  a l . : 3t*
•so .
CH
The same g ro u p  h a s  s in c e  e x te n d e d  t h i s  r e a c t i o n  to  in c lu d e  o th e r
h e te ro a to m s  b e s id e s  s u l f u r , 35 e . g . ,  0  and S e . A tte m p ts  t o  c le a v e  th e  
e x o c y c l ic  d o u b le  bond w i th  OsOif/NalOi*, O3 and  ev en  KMnOij/NalO^ f a i l e d  
t o  y i e l d  t h e  d e s i r e d  k e to n e . 80
One a r r i v e s  a t  t h e  b a s ic  c o n c lu s io n  t h a t  t h e  a v a i l a b l e  s y n t h e t i c  
a p p ro a c h e s  f o r  t h e  fo r m a tio n  o f  th io p h e n e - 1 , 1 - d io x id e s  a r e  f a r  from
12
g e n e r a l .  T h is  I n  t u r n ,  
amount o f  c h e m is try  h a s
i s  p ro b a b ly  th e  m ain  re a s o n  why su ch  a  sm a ll 
b e en  done on t h i s  sy stem .
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P a r t  B. R e a c tio n s  o f  T hiophene D io x id e s
These l a s t  s e c t io n s  o f  th e  in t r o d u c t io n  w i l l  re v ie w  th e  c h e m is try  
o f  th io p h e n e  d io x id e s  r e p o r te d  t o  d a te  i n  th e  l i t e r a t u r e .  T h is  chem­
i s t r y  h a s  b een  d iv id e d  i n t o  two c a t e g o r i e s :  ( l )  n u c le o p h i l i c  a d d i t io n s
t o  th io p h e n e  d io x id e s ;  and  (.2) c y c lo a d d i t io n  r e a c t io n s  o f  th io p h e n e  
d io x id e s .
S in c e  th io p h e n e  d io x id e s  a r e  e x p e c te d  t o  be  e l e c t r o n - d e f i c i e n t ,  
M ichae l a d d i t io n s  c o u ld  be  e x p e c te d  t o  o c c u r  i n  a  1 ,2  o r  1,U f a s h io n :
M e l le s 3fi a p p e a rs  t o  have  b een  th e  f i r s t  t o  add v a r io u s  n u c le o p h i le s  to  
th io p h e n e  d io x id e s .  He r e p o r te d  th e  a d d i t io n  o f  p i p e r i d i n e  t o  3 ,^ -  
d im e th y l th io p h e n e -1 ,1 -d io x id e .  The p o s s ib l e  a d d u c ts  a r e  shown below :
8
l i t
A though t h e  p o t e n t i a l  c o m p lic a t io n  o f  t h e  1 ,3 - p r o t o t r o p i c  s h i f t  t o  
fo rm  10 was r e c o g n iz e d  by M e l le s ,  h e  d id  n o t  c o n s id e r  t h e  p o s s i b i l ­
i t y  o f  n u c le o p h i l i c  a d d i t i o n  t o  t h i s  in t e r m e d ia t e .  M e lle s  o n ly  con­
s id e r e d  th e  M ich a e l a d d u c ts  7 an d  8 ,  f i n a l l y  r u l i n g  o u t  a d d u c t 7 by 
s y n th e s iz in g  i t  u s in g  an  a l t e r n a t e  r o u t e  an d  com paring  i t  t o  t h e  
i s o l a t e d  M ich ae l a d d u c t .  H ow ever, H a tch  and  W alsh37 a s  w e l l  a s  W robel 
and  K a b z in sk a 38 u s in g  ^H HMR w ere  a b l e  t o  show t h a t  t h e  p ro d u c t  
i s o l a t e d  from  th e  M ich ae l a d d i t i o n  was c o n s i s t e n t  w i th  s t r u c t u r e  9 and 
n o t  § .
W robel an d  K a b z in sk a 38 s tu d ie d  t h i s  r e a c t i o n  i n  g r e a t  d e t a i l  and  
r e p o r t e d  t h a t  t h e  p r o t o t r o p i c  s h i f t  was v e r y  s o lv e n t  d e p e n d e n t. In  
w a te r ,  t h e  M ich a e l a d d i t i o n  o c c u r re d  d i r e c t l y  t o  t h e  th io p h e n e  
d io x id e ,  w ith o u t  any  i s o m e r i z a t io n ,  t o  y i e l d  an  a d d u c t w i th  s t r u c t u r e  
7 . I f  t h e  r e a c t i o n  i s  e x e c u te d  i n  e x c e s s  am in e , t h e  M ic h a e l a d d i t i o n  
o c c u r s  e x c lu s iv e ly  t o  th e  3 - m e th y le n e - U - m e th y l- 2 - h y d r o th io p h e n e - l , l -  
d io x id e  1 0 , t o  y i e l d  a d d u c t g . M e lle s  a s  w e l l  a s  H a tch  and W alsh 
p e rfo rm e d  th e  r e a c t i o n s  in  e x c e s s  a m in e .
W robel and  K a b s in s k a 38 a rg u e d  t h a t  h y d ro g en  b o n d in g  t o  t h e  s u l f o n e  
was r e s p o n s ib l e  f o r  t h e  d i r e c t  a d d i t i o n  by in c r e a s in g  t h e  am ount o f  
p o s i t i v e  c h a rg e  a t  t h e  3 - p o s i t i o n  o f  t h e  th io p h e n e  d io x id e .  H ow ever, 
th eB e  a u th o r s  do n o t  p r e s e n t  any  e v id e n c e  t o  r u l e  o u t  t h e  p o s s i b i l i t y  
t h a t  h y d ro g en  b o n d in g  t o  t h e  am ine i s  a l s o  an  im p o r ta n t  f a c t o r  in  
d e te rm in in g  t h e  mode o f  a d d i t i o n .  The e f f e c t i v e  b a s i c i t y  o f  t h e  am ine 
w ould  b e  g r e a t l y  re d u c e d  by  t h i s  s o l v a t i o n  a n d , t h u s ,  i t s  a b i l i t y  t o  
c a t a l y z e  th e  1 ,3 - p r o t o t r o p i c  B h if t  c o u ld  a l s o  b e  r e d u c e d .
M e l le s 38 a l s o  r e p o r t e d  t h e  a d d i t i o n  o f  sodium  b e n z y lm e rc a p tid e
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and ammonia t o  3 ,^ -d im e th y lth io p h e n e  d io x id e .  He assum ed t h a t  a d d u c ts  
w ith  s t r u c t u r e  8 w ere fo rm ed  w i th  th e s e  n u c le o p h i le s .  However, i n  
v iew  o f  t h e  m ore r e c e n t  r e s u l t s ,  th e s e  a ss ig n m e n ts  a r e  q u e s t io n a b le , 
The r e c e n t  d a ta  su g g e s t t h a t  a d d u c ts  w ith  s t r u c t u r e  § sh o u ld  he  con­
s id e r e d .
E a i ly  and  Cummins1 have  added  d im eth y lam in e  to  th io p h e n e  d io x id e  
and o b ta in e d  ad d u c t 1 1 , w hich  r e s u l t e d  from  a  1 ,2  M ich ae l a d d i t io n :
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t ,  f o r  b o th  ex am p les , 1 ,2 - a d d i t i o n  
i s  fa v o re d  o v e r  l ,H ~ a d d i t io n  t o  t h e  th io p h e n e  d io x id e .  The 1 ,H - 
a d d i t io n  t o  th e  th io p h e n e  d io x id e  was e x p e c te d  t o  b e  fa v o re d  s in c e  th e  
in te r m e d ia te  a l l y l i c  a n io n ic  s p e c ie s  can  d e lo c a l i z e  t h e  n e g a t iv e  
c h a rg e  o v e r  a  l a r g e r  num ber o f  a tom s. M ich ae l a d d i t io n s  can  be 
r e v e r s i b l e ,  and t h i s  f a c t o r  a lo n g  w ith  t h e  r e s u l t i n g  s t e r i c  d e s t a b i l ­
i z a t i o n  o f  a t t a c k  a t  t h e  2 - p o s i t i o n  c o u ld  p re c lu d e  any  i s o l a t i o n  o f  
t h e  l , k - a d d u c t .  However, t h i s  becomes a  l e s s  s a t i s f a c t o r y  e x p la n a t io n  
i n  v iew  o f  th e  1 ,3 - d ip o l a r  c y c lo a d d i t io n  o f  i s o q u in o l in e  N -ox ide  system  
t o  th e  2 ,3 - p o s i t i o n s  to  y i e l d  2 - i s o q u in o l in e -3 - h y d ro x y -2 ,3 -d im e th y l-  
th io p h e n e  d io x id e  (v id e  i n f r a ) .
S in c e  th e  s u lfo n e  i s  known t o  be  a  s t r o n g  e le c tro n -w ith d ra w in g  
f u n c t i o n a l i t y ,  th e  th io p h e n e  d io x id e  system  i s  e x p e c te d  t o  have  a  
r e a c t i v i t y  p a t t e r n  s im i la r  . t o  o th e r  e l e c t r o n  d e f i c i e n t  d i e n e s . Thus 
an in v e r s e  D ie ls - A ld e r  ty p e  o f  hn  r e a c t i v i t y  p a t t e r n ,  o r  a  2 t t  r e a c ­
t i v i t y  p a t t e r n  s im i la r  t o  t h a t  f o r  a  v in y l  s u l f o n e  i s  e x p e c te d  f o r
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t h e  th io p h e n e  d io x id e  sy stem ,
The c y c lo a d d i t io n s  o f  th io p h e n e  d io x id e s  r e p o r t e d  so f a r  in v o lv e  
e x c lu s iv e ly  t h e  r e a c t i o n s  o f  sy m m e tr ic a l  o l e f i n s  a n d /o r  sy m m e tric a l 
th io p h e n e  d io x id e s .  M e lle s 36 , a s  v e i l  as  o t h e r s , 1 4 *3 7 *39 h av e  
r e p o r t e d  th e  fo r m a tio n  o f  2 :1  a d d u c ts  from  th e  r e a c t i o n  o f  e l e c t r o n -  
w ith d ra v in g  o l e f i n s  w i th  s t a b l e  d i s u b s t i t u t e d  th io p h e n e  d io x id e s .
Aj P h
R2 E3 5 i . Rs. X
Me H H Me 0
H Me Me H 0
Ph H H Ph 0
H Ph Ph H 0
H Cl Cl H NPh
Any a t te m p ts  to  i s o l a t e  t h e  i n t e r m e d ia te  1 :1  a d d u c ts  v e r e  n o t  s u c c e s s ­
f u l .
W alsh and  H a tc h 37 a t te m p te d  t o  add  m a le ic  a n h y d r id e  and  d im e th y l-  
a c e ty le n e d ic a r b o x y la te  (DMAD) t o  v a r io u s  mono s u b s t i t u t e d  th io p h e n e  
d io x id e s  b u t  o n ly  i s o l a t e d  [h + 2] a d d u c ts  o f  t h e  th io p h e n e  d io x id e  
d im e r :
so.
X = t > , N P h   : *
A )
Hj Mc , Ph R
CO-M
J
o s
IT
I f  th e  a d d i t io n s  o f  DMAD had o c c u rre d  t o  th e  th io p h e n e  d io x id e s ,  th en  
a  1 ,2 -d im eth o x y carb o n y lb en zen e  d e r iv a t iv e  would have been  fo rm ed  and 
n o t th e  2 :1  ad d u ct 1 3 . A lthough  one co u ld  p o s tu la t e  a  d i f f e r e n t  
mechanism f o r  th e  c y c lo a d d i t io n s  o f  th e  v a r io u s  m a le ic  d e r iv a t iv e s ,  
i . e .  i n i t i a l  a d d i t io n  to  th e  th io p h e n e  d io x id e  to  g e n e ra te  a  1 ,3 - c y c lo -  
h ex ad ien e  w hich i s  t ra p p e d  su b se q u e n tly  by an  a d d i t io n a l  th io p h e n e  
d io x id e ,  th e  i s o l a t i o n  o f  th e  DMAD ad d u ct 13 makes t h i s  h ig h ly  im prob­
a b le .  I n t e r e s t i n g  d e v ia t io n s  from  t h i s  b e h a v io r  w ere r e p o r te d  by 
B a i ly  and Cummins* f o r  th io p h e n e  d io x id e  and by B lu esto n e  e t  a l . 1** 
f o r  3 ,* t-d ic h lo ro th io p h e n e  d io x id e . These f o u r  r e a c t io n s  a r e  i n t e r ­
e s t i n g  b ecau se  o f  t h e i r  p e r i s e l e c t i v e  b e h a v io r .
For th e  s ta b le  th io p h e n e  d io x id e s , r e a c t io n s  w ith  a c e ty le n e s  sho u ld  
remove any problem  o f  p o ly a d d i t io n  b ecau se  s t a b l e  benzene d e r iv a t iv e s
20 /. 
n /
H
Me
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a re  form ed a f t e r  lo s s  o f  SO2 . O v erb erg er and W heland39 in v e s t ig a te d  
th e  c y c lo a d d i t io n  r e a c t io n s  o f  DMAD and p h e n y la c e ty le n e  to  3 , 1*- and 
2 , 5 -d ip h e n y lth io p h e n e  d io x id e :
However, r e in v e s t i g a t io n 42 o f  th e  p h e n y la c e ty le n e  c y c lo a d d i t io n  o f  3 ,^ -  
d ip h e n y lth io p h e n e  d io x id e  shoved th e  r e a c t io n  to  he  q u i te  p e r i s e l e c -  
t i v e  h u t  y ie ld in g  o n ly  1% o f  th e  p o s tu la te d  l ,2 ,U - tr ip h e n y lb e n z e n e  1§ 
and 325S o f  th e  p h e n y ln ap h th a le n e  I I .  These a u th o rs  d id  n o t r e p o r t  on 
any r e i n v e s t i g a t i o n  o f  th e  2 , 5 -d ip h e n y lth io p h e n e  d io x id e  c y c lo a d d i t io n  
to  p h e n y la c e ty le n e .
Van T U b o rg 4 3 ’ 44 re p o r te d  th e  f a c i l e  c y c lo a d d i t io n  o f  v a r io u s  
c y c lo p ro p en es  t o  v a r io u s  th io p h e n e  d io x id e s  to  y i e l d  c y c lo h e p ta -  
t r i e n e s :
PK
Pk
P k
e
T ab le  V c o n tin u e d  on n e x t p ag e .
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T ab le  V. S y n th e s is  o f  C y c lo h e p ta t r ie n e s ,
ii b c d e_ f
1 H H H H H Me
2 Me Me H H H H
3 Me Me H Me H H
k Me Me H H H Me
5 t-B u H t-B u H H H
6 t-B u t-B u H Me H H
7 t-B u H t-B u H H Me
8 Ph Ph H H H H
9 Me Me H Me Me Me
10 Me Me H Me Me H
11 t-B u t-B u H H H Me
The y i e l d s  a r e  a lm o s t q u a n t i t a t i v e ,  w hich  make t h i s  a  v e ry  a t t r a c t i v e  
a p p ro ach  t o  t h i s  medium r in g  sy s te m . However, th e  f a i l u r e  o f  r e a c t io n s  
9 , 1 0 , and 11 in d i c a t e  t h a t  t h e r e  a r e  s t e r i c  l i m i t a t i o n s  on t h i s  r e a c t i o n .
Houk e t  a l . 2 a s  w e l l  a s  L eav er e t  a l . 15 have  r e p o r t e d  th e  [6 + k] 
c y c lo a d d i t io n  r e a c t i o n s  o f  am in o fu lv e n e s  and th io p h e n e  d io x id e s  t o  y i e l d  
a z u le n e s  in  one s t e p .  I t  s h o u ld  b e  n o te d  t h a t  th e s e  a r e  th e  o n ly  
r e p o r te d  exam ples o f  c y c lo a d d i t io n  r e a c t io n s  o f  e l e c t r o n - r i c h  a lk e n e s  
t o  th io p h e n e  d io x id e s .  Though th e  y i e l d s  a r e  f a i r  a t  b e s t ,  t h e  e a se  
o f  p u r i f i c a t i o n  a s  w e l l  a s  th e  s h o r t  number o f  r e a c t i o n  s te p s  t o  r e a c h  
th e  a z u le n e  sy stem  make t h i s  a  v i a b l e  a z u le n e  s y n th e s i s .
& = ( ///
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The v in y l  s u l f o n e  c h a r a c t e r  o f  t h e  th io p h e n e  d io x id e  sy s tem  h as  
b e e n  r e p o r te d  b y  tw o g ro u p s . The th io p h e n e  d io x id e  f u n c t io n s  a s  
a  2tt v i n y l  s u l f o n e  l i k e  d ip o la r o p h i l e  w i th  t h e  1 ,3 - d ip o l e  r e a c t i n g  a s  
t h e  com ponent.
W robel an d  K a b z in s k a 115 r e p o r t e d  t h e  1 ,3 - d i p o l a r  c y c lo a d d i t io n s  o f  
i s o q u in o l in e  N -o x id e  t o  3 , ^ -d im e th y l th io p h e n e  d io x id e .  They a l s o  n o te d  
t h a t  t h e  r e a c t i o n  d id  n o t  o c c u r  i n  an  aqueous m edium . The in te r m e d ia te  
c y c lo a d d u c t  c o u ld  n o t  be i s o l a t e d :
C a ram e lla  e t  a l.* 46 h av e  r e p o r t e d  t h e  a d d i t i o n  o f  b e n z o n i t r i l e  o x id e  
t o  th io p h e n e  d io x id e  as  w e l l  a s  t o  2 ,3 -d ih y d r o th io p h e n e  d io x id e :
ag reem en t w i th  t h e  r e g i o s e l e c t i v i t y  o b s e rv e d  f o r  s im p le  v i n y l  s u l f o n e s
OH
T hese r e g i o s e l e c t i v e  r e s u l t s  a r e  a n a lo g o u s  t o  t h e  1 ,3 - d i p o l a r  
c y c lo a d d i t io n s  o f  b e n z o n i t r i l e  o x id e  t o  c y c lo p e n ta d ie n e ^ 7 , and  a r e  i n
21
su ch  a s  p h e n y l v in y l  s u lfo n e  an d  d ia z o m e th a n e : 48
S O j
n \
C H i N i S 0 %  y.
The r e p o r t e d  th io p h e n e  d io x id e  c y c lo a d d i t io n  r e a c t i o n s  a p p e a r  t o  
i n d i c a t e  a  p o t e n t i a l  s y n th e t i c  r o l e  f o r  t h e  th io p h e n e  d io x id e  sy stem  
as  a  m asked d i e n e .  M e c h a n i s t i c a l ly ,  t h e  th io p h e n e  d io x id e  a p p e a rs  t o  
h e  more o f  an  e l e c t r o n - r i c h  d ie n e  th a n  was e x p e c te d ,  "based on th e  
e l e c t r o n  w ith d ra w in g  c h a r a c te r  o f  th e  s u l f o n e .
II. RESULTS AMD DISCUSSION
P a r t  A. P r e p a r a t io n  o f  Thiophene D io x id es
A lm ost a l l  th e  th io p h e n e  d io x id e s  u se d  in  t h i s  s tu d y  w ere gen­
r a t e d  o r  s y n th e s iz e d  from  th e  c o rre sp o n d in g  3 ,^ -d ib ro m o te tra h y d ro -  
th io p h e n e  d io x id e s .  The sy n th e s e s  a r e  o u t l in e d  below :
The th io p h e n e  d io x id e s  p ro d u ced  by  t h i s  m ethod w ere 2 -m e th y l, 3 -m e th y l, 
3 , ^ -d im e th y l , 2 , U -d im eth y l and 3 -p h e n y l. The e x c e p tio n s  in c lu d e  3 - 
is o p ro p y l- l+ - is o p ro p e n y lth io p h e n e  d io x id e  a n d , in  p a r t ,  3 ,U - d ic h lo r o - ,
3 , H -d im ethoxy , 3 -c h lo ro -U -m eth o x y th io p h en e  d io x id e ,  whose s y n th e se s  
a r e  shown below :
6,
S O *
R h Rn Rr>
H C = C
•SO,
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A l a r g e  number o f  b u ta d ie n e s  h av e  b e en  r e p o r t e d  t o  r e a c t  v i t h  s u l ­
f u r  d io x id e  t o  y i e l d  t h e  c o r re s p o n d in g  2 , 5-d ib y d ro th io p h e n e  d io x id e . 77 
F o r t h i s  s tu d y ,  t h e  d ie n e s  and  s u l f u r  d io x id e  and  some h y d ro q u in o n e  
w ere  s e a le d  i n  a  P y re x  tu b e  and  h e a te d  f o r  1 2 -1 U h r .  a t  gO-lSO* ^ , 2^ ’ 79 
A f te r  h e a t in g  was o v e r ,  t h e  tu b e s  w ere o p e n e d , v e n te d  and t h e  
p ro d u c t  was w ashed o u t  w ith  m e th y le n e  c h lo r id e  o r  c h lo ro fo rm . T hese 
d ih y d ro th io p h e n e  d io x id e s  a r e  m o d e ra te ly  u n s t a b l e ,  and  th u s  c a n n o t be  
s t o r e d  f o r  lo n g  p e r io d s  o f  t im e  i n  t h i s  fo rm . R e a c tio n  w ith  b rom ine  
y i e l d s  3 ,^ -d ib ro m o te tr a h y d ro th io p h e n e  d io x id e s  w h ich  can  b e  c h a r a c ­
t e r i z e d ,  s t o r e d ,  and  e a s i l y  h a n d le d  in  t h i s  fo rm .
The r e a c t i o n  o f  2 - s u b s t i t u t e d  b u ta d ie n e s  w i th  s u l f u r  d io x id e  h a s  
b e e n  r e p o r t e d  t o  p ro c e e d  m ore sm o o th ly  and i n  a  h ig h e r  y i e l d  th a n  th e  
c o r re s p o n d in g  r e a c t i o n  o f  1 - s u b s t i t u t e d  b u t a d i e n e s . F o r ex am p le , i s o -  
p re n e  y i e l d s  3- m e tb y l - 2 , 5- d ih y d r o th io p h e n e  d io x id e  in  80$ y i e l d ,  b u t  
p ip e r y le n e  g iv e s  th e  c o r re s p o n d in g  2 - m e th y l-2 , 5-d ih y d r o th io p h e n e  d io x id e  
i n  a  60$ y i e l d  when h e a te d  f o r  an  e x te n d e d  p e r io d  o f  t im e .  Y ie ld s  o f  
some r e p o r t e d 1 6 ’ 77 d ih y d ro th io p h e n e  d io x id e s  w ere  shown i n  T a b le  X II .
The 2 ,5 -d ih y d r o th io p h e n e  d io x id e s  a r e  b ro m in a te d  by a d d in g  a  
s o l u t i o n  o f  b rom ine i n  c h lo ro fo rm  t o  a  r e f l u x i n g  s o lu t io n  o f  t h e  2 , 5-  
d ih y d ro th io p h e n e  d io x id e  i n  c h lo ro fo r m . 213’ 2 8 ’ 8 1 ’83 B ro m in a tio n  o c c u rs  
i n  t h e  h ig h e s t  y i e l d  (70 - 90$ ) f o r  t h e  3 - s u b s t i t u t e d  d ih y d ro th io p h e n e  
d io x id e s .  The 2 - s u b s t i t u t e d - 3 , 14-d ib r o m o te tra h y d ro th io p h e n e  d io x id e s  
a r e  fo rm ed  i n  y i e l d s  from  20  t o  1*0$ b e c a u se  b ro m in a tio n  m ust co m p ete , 
t o  g r e a t e r  e x t e n t ,  w ith  s u l f u r  d io x id e  e x t r u s i o n .  The s id e  p ro d u c ts  
c a u se d  b y  th e  s u l f u r  d io x id e  e x t r u s io n  can  make p ro d u c t i s o l a t i o n  
d i f f i c u l t .
The d ib ro m id e s  u t i l i z e d  i n  t h i s  w ork h av e  a l l  b e en  p r e v io u s ly
2k
re p o r te d  i n  th e  l i t e r a t u r e ^  taz  ^ -were i d e n t i f i e d  "by
t h e i r  m e lt in g  p o in t s ,  e le m e n ta l a n a ly s e s 2*1 and NMR s p e c t r a .  The com-
2‘b»17»2e »78>e i  >82
p l e x i t y  o f  th e  d ibrom ide BMR i s  caused  by th e  number o f  s te re o is o m e rs  
t h a t  a r e  form ed upon b ro m in a tio n  o f  th e  d ih y d ro th io p h e n e  d io x id e .  As
th io p h e n e  d io x id e ,  tv o  s te re o is o m e rs  a r e  p o s s ib le  i f  o n ly  a n t i  a d d i t io n
The r e s u l t i n g  HMR spectrum  h as  re so n an c es  in  th e  re g io n s  3 .6 ,  3 .9  and
d ib ro m id es  in to  two racem ic  m ix tu re s  m e ltin g  a t  89° and ll+5°C.
The MMR sp ec tru m  o f  3 - s u b s t i tu te d -3 ,^ -d ib ro m o te tra h y d ro th io p h e n e  
d io x id e  i s  s t i l l  q u i te  complex b u t  th e  sp ec tru m  i s  more c l e a r l y  
r e s o lv e d . For t h i s  d ib ro ra id e  o n ly  a  p a i r  o f  en an tio m ers  i s  p o s s ib le  
f o r  a n t i  a d d i t io n .
The d eh y d ro h a lo g en a tio n  was i n i t i a l l y  done in  CH2C I2 o r  CHCI3 
u s in g  t r i e th y la m in e  a s  a  b a s e .  O th er s o lv e n ts  t h a t  w ere t r i e d  in c lu d e
th io p h e n e  d io x id e s  u s in g  th e  h e te ro g en e o u s  system  o f  THF and powdered 
NaOH. I t  was fo u n d , by t h i s  i n v e s t i g a t o r ,  t h a t  th e  m ix tu re  o f  HaOH 
and THF i s  u n s ta b le  a t  25°C and tu r n s  a  d a rk  brown upon s ta n d in g  f o r  2 
h r .  U sing t h i s  sy s te m , e l im in a t io n  i s  c a r r i e d  o u t a t  0-k°C  and th e n
R e i t e r 2 h as  p o in te d  o u t f o r  th e  c a se  o f  2-m e th y l-3 ,4 -d ib ro m o te tra h y d ro
i s  c o n s id e re d :
^ .8 5 5 . Krug and R igney17 have r e p o r te d  th e  p a r t i a l  r e s o lu t io n  o f  th e s e
THF, DME and CH3CH, L eav er e t  a l . 15 r e p o r te d  th e  g e n e ra t io n  o f  v a r io u s
25
t h e  r e a c t i o n  m ix tu r e  i s  f i l t e r e d  th ro u g h  a lu m in a  "before a l lo w in g  i t  t o  
come t o  room te m p e r a tu r e .  H ow ever, pow dered NaOH o r  p o ta s s iu m  t e r t -  
b u to x id e  i n  DME a p p e a re d  t o  b e  s t a b l e  a t  25°C f o r  e x te n d e d  p e r io d s  o f  
t im e .  The u s e  o f  t r i e t h y l a m i n e ,  a s  a  b a s e ,  r e q u i r e s  an  aqueous workup 
so t h a t  t h e  tr ie th y la m m o n iu m  brom ide  and  e x c e s s  t r i e th y l a m in e  can  be 
rem oved from  th e  p ro d u c t .
Due t o  th e  h ig h  r e a c t i v i t y  o f  th e  p a r e n t  and m o n o s u b s t i tu te d  
th io p h e n e  d io x id e s ,  th e y  w ere n o t  i s o l a t e d ,  b u t  w ere g e n e r a te d  i n  th e  
p re s e n c e  o f  t h e  seco n d  r e a c t a n t .  G e n e ra l ly  t h e  d im e r iz a t io n  i s  
c o m p le te  i f  t h e  s o l u t i o n  i s  a llo w e d  t o  s ta n d  f o r  1 2 -1 5  h r .  a t  25°C.
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P a r t  B. The D im e r iz a t io n  o f  T h io phene  D io x id e s
The r e g i o s e l e c t i v e  s y n th e s i s  o f  a z u le n e  sy s te m s  u t i l i z i n g  a  [6  + 
1*] c y c lo a d d i t io n  "between th io p h e n e  d io x id e s  an d  a m in o fu lv e n e s  s t im u ­
l a t e d  i n t e r e s t  i n  t h e  p o t e n t i a l  s y n th e t i c  u t i l i t y  o f  th e  th io p h e n e  
d io x id e  sy s te m  a s  a  d ie n e .  Due t o  th e  r e a c t i v i t y  o f  t h e  m o n o s u b s ti -  
t u t e d  th io p h e n e  d io x id e s ,  i t  was o n ly  l o g i c a l  t o  exam ine th e  d im ers  
o f  th e s e  d e r i v a t i v e s  a s  a  p r e lu d e  t o  f u r t h e r  s tu d y  o f  t h e  c y c lo ­
a d d i t i o n  c h e m is tr y  o f  th io p h e n e  d i o x i d e s . The th io p h e n e  d io x id e s  
w hich  w ere  d im e r iz e d  a r e  shown b e lo w :
B2 Rs *!L
Me H H
H Me H
H Ph H
H Me Me
Me H Me
H i - P r CH2C(M e)- (See T e x t)
The d im e rs  i s o l a t e d  a r e  shown i n  T a b le  VI a lo n g  w i th  t h e i r  *H NMR 
s p e c t r a l  p a r a m e te r s .
D im e r iz a t io n  o f  a  3 - s u b s t i t u t e d  th io p h e n e  d io x id e  c o u ld  y i e l d  t h e
nf o u r  p o s s i b l e  iso m e rs  shown b e lo w : R
fU  R
SO,
M  ; ' C Q ,
Table VI. *H NHR Spectra o f  Thiophene Dioxide D iners.
P o sitio n  Chemical S h if ts  (CDClj)
H3 2 i R2 2 i h . RS Hb Rg
Coupling Constants (Hz)
He H H
Me
2 .1 6.39 3.7
Me
1.06 5.73 6 .11 5.66 fc.17 J 23
JB9 _
2 , Jai* ~ 2, Jb7 = 6 , J 70 =
k, Jgi| = 11 ,  J 79 = 2
1 0 ,
H Me H 6.5
He
2.1 3.76 5.39
He
1 .8 6 .1 5.81 U.10 J23
J56
J g /
= 1 .5 , In* = 1 -5 , Jtts e  *** 
2 .0 , J 7B = 10, Jgg =
1 , Jgi| = 11
S Me He 6.52
Me
2.05
Me
1.25 5.31
Me
1,62
Me
1.95 5.62 3 .7 J j2
JB9
= 1 , Jse  = 1 , J 7B = 1*5, J 79 
6
= 1 ,
He H He
He
2.09 6.12
Me
1.21 5.02
Me
1.76 5-96
Me
2 .06 3.U7 J 12 S 20 , J 5E = 1 . 5 , J76 “ 1
H Ph H 7.00
Ph
T-5 k.7 5.63
Ph
7.25 6 .7 6.1 *»"-3 J l3
J 9lf
= I, J <*5 = 3 -5 , J 78 = 9 , Je9
I I .5
= 5 ,
H i-Pr i-propenyl See te x t  pp. to.
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The p ro d u c t  o f  t h e  3 -m e th y lth io p h e n e  d io x id e  d im e r iz a t io n  was i s o l a t e d  
i n  50% y i e l d  an d  w as i d e n t i f i e d  h y  i t s  IR an d  *H NMR s p e c t r a .  The IR 
a b s o r p t io n s  a t  1 6 3 0 , 1310 an d  1 1 5 0 cm- 1 , i n d i c a t e d  th e  p re s e n c e  o f  th e  
s u l f o n e  an d  o l e f i n  f u n c t i o n a l  g ro u p s . The NMR sp e c tru m  p o s s e s s e d  
tw o a l l y l i c  m e th y l a b s o r p t io n s  a t  1 .8  and  2 .1 6 ,  and  t h e  AB p o r t i o n  o f  
t h e  sp ec tru m  was c e n te r e d  a t  3 .9 5  w ith  Ji+_g = 11Hz.
T hese  o b s e r v a t io n s  r u l e  o u t  a d d u c ts  1$> and  20 b e c a u s e  th e y  b o th  
h av e  a  s a t u r a t e d  m e th y l and  o n ly  one p ro to n  Hi* o r  Hg t h a t  c o u ld  be  
e x p e c te d  t o  a p p e a r  i n  t h e  3-^ppm  r e g io n  a s  a  d o u b le t  w ith  a  J  o f  
h -6 H z . The p ro to n  a  t o  t h e  s u l f o n e , Hg, was fo u n d  t o  b e  c o u p le d  
t o  R8 and R4 . The s t r u c t u r e  18 a ss ig n m e n t was p ro v e n  b y  sh o w in g ‘t h a t  
Re w as c o u p le d  t o  R7 by  10Hz. T hese  o b se rv e d  c o u p lin g  p a t t e r n s  r u le d  
o u t  s t r u c t u r e  21 a s  t h e  a d d u c t b e c a u se  21 w ould  h av e  had  R5 c o u p le d  t o  
R6 w i th  J  = 10Hz.
I n  o rd e r  t o  c o n f irm  t h e  a ss ig n m e n t o f  t h e  Eg an d  Ri* p r o to n s ,  
d e u te r iu m  exchange  was c a r r i e d  o u t  u s in g  NaOD/DaO. A f te r  36  h o u rs  a t  
25°C , th e  Rg a b s o r p t io n  had  d is a p p e a r e d ,  t h e  Rq p r o to n  was fo u n d  t o  b e  
a  d o u b le t  and t h e  Ri* a b s o r p t io n  h ad  c o l la p s e d  i n t o  a  b ro a d  s i n g l e t .
The 1H NMR a l s o  i n d i c a t e d  t h a t  a  s i g n i f i c a n t  am ount o f  d e u te r iu m  in c o r ­
p o r a t io n  (-20J5) h a d  o c c u r r e d  a t  R j .  The r e l a t i v e  a c i d i t i e s  o b se rv e d  
f o r  t h e s e  tw o p r o to n s  o f  t h e  d im er a r e  q u i t e  s i m i l a r  t o  th o s e  o b se rv e d  
by  B roaddus1*3 i n  h i s  ex change  s tu d y  o f  2 , 3 - d ih y d r o th io p h e n e - l ,1 - d io x id e .
I n  o rd e r  t o  o b ta in  a  s o l i d  s u i t a b l e  f o r  e le m e n ta l  a n a l y s i s ,  t h e  
b i c y c l i c  s u l f o n e  was a llo w e d  t o  r e a c t  w i th  U -p h e n y l-1 , 2 , U - t r i a z o l i n e -  
2 ,3 - d io n e  (PTAD). The r e a c t i o n  was so  f a s t  t h a t  t h e  d ie n e  l i t e r a l l y  
c o u ld  b e  t i t r a t e d  w i th  t h i s  d ie n o p h i l e .  Workup o f  t h e  r e a c t i o n
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m ix tu r e  gave a  w h ite  s o l i d  i n  a  hj% y i e l d .
IE  a b s o r p t io n s  a t  1 7 9 0 , 1 7 ^ 0 , 1 6 6 0 , 1 6 3 0 , 1330 and  ll6 0 c m _1 i n d i ­
c a t e d  t h e  p re s e n c e  o f  t h e  o l e f i n ,  lm id e 50 and s u l f o n e  f u n c t i o n a l i t i e s .  
The 1H HMR ch em ica l s h i f t s  and c o u p l in g  c o n s ta n t s  a r e  shown h e lo w :
P o s i t io n 6
2 6 .U2
3 2 .1
If 3 .7 ^
5 5 .0 9
6 1 .9 2
7 6 .2 2
8 5 .3 9
9 3 .9 3
6 3^ © 1
V e r i f i c a t i o n  o f  t h e  d im e r s k e l e t a l  a s s ig n m e n t was unam biguous b e c a u se  
R7 w as shown t o  b e  c o u p le d  t o  Rg by  6Hz, and Rg was shown t o  b e  c o u p le d  
t o  Rg by  3Hz. R5 was a l s o  c o u p le d  t o  Ri+ b y  3Hz and h a d  o n ly  s m a ll  
<lHz lo n g  ra n g e  i n t e r a c t i o n  w ith  R7 an d  Rg.
The 3 -p h e n y lth io p h e n e  d io x id e  was a llo w e d  t o  d im e r iz e  f o r  12 
h o u rs  i n  c h lo ro fo rm  an d  th e n  w orked up  i n  th e  u s u a l  f a s h io n  t o  g iv e  
a  s o l i d  p ro d u c t i n  62j£ y i e l d .  The IR  b an d s  a g a in  i n d i c a t e d  th e  * 
p re s e n c e  o f  a  s u l f o n e  an d  o l e f i n  f u n c t i o n a l i t i e s .
The 1H HMR o f  t h i s  s p a r in g ly  s o lu b le  d im er (T a b le  V I) and  s u b -  
q u e n t d e c o u p lin g  e x p e r im e n ts  i n d i c a t e d  t h a t  Ri* and t o  a  l e s s e r  
e x t e n t  R5 w ere  d e s h ie ld e d  com pared t o  t h e s e  p o s i t i o n s  on th e  m e th y l 
d e r i v a t i v e s .  The p re s e n c e  o f  t h e  tw o p h e n y l g ro u p s  r e s u l t e d  i n  
s u b s t a n t i a l  d e s h ie ld in g  o f  R4 w h ich  w as moved d o w n f le ld  o f  t h e  Rg 
a b s o r p t io n .  The d e s h ie ld in g  o f  R^ a n d  R5 and  th e  c o u p lin g  o f  Rg to
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Rg "but n o t  t o  Ri* was c o n s i s t e n t  w i th  t h e  s t r u c t u r e  18 shown i n  T a b le  V I.
D im e r iz a t io n  o f  t h e  2 -m e th y lth io p h e n e  d io x id e  was p e rfo rm e d  u n d e r 
c o n d i t io n s  s i m i l a r  t o  th o s e  u t i l i z e d  f o r  t h e  3 -m e th y l d e r i v a t i v e .  The 
d im e r iz a t io n  o f  2 -m e th y lth io p h e n e  d io x id e  can  a l s o  y i e l d  f o u r  p o s s ib le  
r e g io i s o m e r s .
A f te r  th e  u s u a l  w orkup , a  p a le  y e llo w  o i l  was i s o l a t e d  i n  a  55% 
y i e l d .  A gain  t h e  IR  i n d i c a t e d  t h e  p re s e n c e  o f  t h e  e x p e c te d  s u l f o n e  
an d  o l e f i n  f u n c t i o n a l  g r o u p s .
g ro u p s  and  an AE a b s o r p t io n  p a t t e r n  c e n te r e d  a t  3*95* T hese  f a c t o r s  
a lo n e  r u l e  o u t s t r u c t u r e s  23 an d  2 k , w h ich  w o u ld  have  one s a t u r a t e d  
m e th y l and  o n ly  o n e  a l l y l i c  p r o to n  t h a t  c o u ld  p o s s ib ly  a b s o rb  i n  th e  
3-ltppm r e g io n .  I r r a d i a t i o n  o f  R7 r e s o lv e d  Rg i n t o  a  d o u b le t  o f  lt.5H z, 
I r r a d i a t i o n  o f  Rg v e r i f i e d  J 7 _g = 10Hz and a l s o  c o l la p s e d  Rg i n t o  a  
d o u b le t  o f  11Hz. F u r th e r  d e c o u p lin g  e x p e r im e n ts  showed t h a t  R4 was 
s i g n i f i c a n t l y  c o u p le d  o n ly  t o  R g , J 4 -9  = 11H z, and  t o  R3 w i th  J 3_i* = 
2Hz. T hese  s p e c t r a l  p r o p e r t i e s  w ere  o n ly  c o n s i s t e n t  f o r  s t r u c t u r e  22 
shown i n  T a b le  V I.
An a t te m p t  was made to  ex ch an g e  th e  a c i d i c  h y d ro g en s  i n  D^O i n  
o r d e r  t o  v e r i f y ,  e x p e r im e n ta l ly ,  t h e  a s s ig n m e n ts .  H ow ever, s u b je c t in g  
th e  2 -m e th y l d im e r t o  c o n d i t io n s  i d e n t i c a l  t o  th o s e  u s e d  f o r  t h e  3 -
The *H HMR sp ec tru m  i n d ic a t e d  t h e  p re s e n c e  o f  tw o a l l y l i c  m e th y l
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m e th y l d im er H-D exchange r e a c t i o n ,  r e s u l t e d  i n  a c c e l e r a t i n g  o n ly  th e  
d e co m p o s itio n  o f  t h e  2-m e th y l d im e r.
A g a in , in  o rd e r  t o  o b ta in  a  s o l i d ,  th e  2 -m e th y l d im er was .a llow ed 
to  r e a c t  w ith  PTAD. A f te r  w orkup, t h e  s o l i d  was i s o l a t e d  i n  a  55$ 
y i e l d .  The IR c o n firm e d  th e  e x p e c te d  im id e 50 and  s u lfo n e  g ro u p s . The 
NMR ch em ica l s h i f t s  and  c o u p lin g  c o n s ta n ts  f o r  t h e  PTAD a d d u c t a r e  
shown on th e  s t r u c t u r e  below :
P o s i t i o n  ^(CDClg)
The su b se q u e n t d e c o u p lin g  e x p e r im e n ts  w ere c o n s i s t e n t  w ith  t h e  dim er 
s t r u c t u r e  22 b e ca u se  Rg was c o u p le d  t o  Rif and R g. S t r u c t u r e  2£ would 
have had  Rg c o u p led  s i g n i f i c a n t l y  o n ly  t o  Rg..
An a t te m p t t o  d i s t i l l ,  a t  re d u c e d  p r e s s u r e ,  th e  d im er o f  3 -  
m e th y lth io p h e n e  d io x id e  gave i n s t e a d  3 -m e th y l-a -m e th y l s ty r e n e  in  a  
15$ y i e l d .  I n  s o l u t i o n ,  t h i s  r e a c t i o n  was a l s o  found  t o  be  a c c e l ­
e r a t e d  by  th e  p re s e n c e  o f  t r i e th y l a m in e .
T h ere  a r e  two p o s s ib le  m echanism s shown i n  Scheme I ,  t h a t  c o u ld  
y i e l d  th e  s ty r e n e  p ro d u c t and b o th  w ould b e  e x p e c te d  t o  be  a c c e l ­
e r a t e d  by  b a s e :
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Scheme I
H
SO . SO,
+ BH
SO.
+ s o
t&H  +SO
t  BH
B ase c o u ld  c a ta ly z e  b o th  t h e  H [ 1 ,3 ]  s h i f t  a s  w e l l  a s  t h e  p ro to n  
a b s t r a c t i o n ,  p a th  A. A lth o u g h  Klemm and M e r r i l l 51 have  p ro p o sed  th e  
c a rb a n io n ic  p a th  A in  th e  r e a c t i o n  b e lo w , th e y  w ere  n o t  a b le  to  
i s o l a t e  th e  s u l f i n i c  a c id .  H ow ever, i t  sh o u ld  b e  n o te d  t h a t  th e  
d im e r iz a t io n  o f  t h e  t h i e n o [ 2 . 3- b ] p y r i d i n e - l , 1 - d io x id e  was p e rfo rm ed  
in  r e f lu x in g  x y le n e  f o r  50 h r .  The e x ten d e d  h e a t in g  p re c lu d e d
50,
So,
i BH
i s o l a t i o n  o f  th e  l a b i l e  s u l f i n i c  a c i a  in te r m e d ia te .
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K rug , R igney  and T ic h e la a r  52’ w ere a l s o  u n a b le  t o  i s o l a t e  th e  f r e e  
s u l f i n i c  h u t  w ere a b le  t o  a l k y l a t e 53" 55 th e  magnesium s a l t  w ith  b e n z y l 
c h lo r id e  in  r e f lu x in g  e th a n o l .  The seco n d  i n t e r e s t i n g  o b s e r v a t io n  
n o te d  by  Krug e t  a l . 52 was th e  d i r e c t i o n  o f  th e  f r a g m e n ta tio n :
 v C H j - C H -  CH- CH-  c H - S O a- M j X
-------------* CH,.= C H - C ( M e )  =  c H - S O a - M g X
The 2 -m e th y l-2 , 5 -d ih y d ro th io p h e n e  d io x id e  was a t t a c k e d  b y  th e  b a se  a t  
th e  l e a s t  h in d e re d  5- p o s i t i o n  b u t  t h e  3 -m e th y l-2 , 5-d ih y d ro th io p h e n e  
d io x id e  ap p ea re d  to  u n d erg o  p ro to n  a b s t r a c t i o n  from  th e  m ore h in d e re d  
2 - p o s i t i o n .  More s t e r i c a l l y  c o n g e s te d  G rig n a rd  r e a g e n ts  such  as 
p h e n y l-  and 2 , 6 -d im ethy lpheny lm agnesium  io d id e  a t ta c k e d  e x c lu s iv e ly  
t h e  2 -p ro to n  o f  th e  3 -m e th y l-2 ,5 -d ih y d ro th io p h e n e  d io x id e .  I n  each  
c a s e ,  p ro to n  a b s t r a c t i o n  was from  th e  m ost a c id ic  p o s i t i o n .
The d im er o f  2 -m e th y lth io p h e n e  d io x id e  y ie ld e d  o , 3 -d im e th y l-  
s ty r e n e  o n ly  u n d e r p y r o ly t i c  c o n d i t io n s  and i n  a  9% c ru d e  y i e l d .  I n  
s o l u t io n  th e  d im er o n ly  decom posed, an d  th e  d eco m p o s itio n  was a ls o  
a c c e le r a te d  by  th e  p re s e n c e  o f  t r i e th y la m in e .  T hus, t h e  s t e r e o ­
c h e m is try  o f  t h i s  SO2 e x t r u s io n  c o u ld  n o t  b e  p ro b e d .
The d i s u b s t i t u t e d  th io p h e n e  d io x id e s  a r e  c o n s id e r a ly  m ore s t a b l e  
to w a rd  d im e r iz a t io n  th a n  t h e  m o n o s u b s ti tu te d  d e r i v a t i v e s .  F o r 
ex am p le , th e  d i s u b s t i t u t e d  d e r iv a t iv e s  can  b e  i s o l a t e d  and  c h a ra c ­
t e r i z e d  i n  t h e i r  monomeric form s u n d e r  m o d era te  c o n d i t io n s .  G e n e ra l ly ,  
i n  o r d e r  t o  o b ta in  a  r e a s o n a b le  r a t e  o f  d im e r iz a t io n  th e s e  th io p h e n e
3h
d io x id e  d e r iv a t iv e s  m ust "be h e a te d  f o r  1 2 -1 5  h o u rs  a t  110-115°C . The 
o n ly  a p p a re n t e x c e p tio n  t o  t h i s  o b s e r v a t io n  o c c u rs  w ith  th e  3 , ^ - d i -  
c h lo ro  d e r i v a t i v e  w hich w i l l  d im e riz e  w ith  an a p p r e c ia b le  r a t e  a t  m ore 
m o d e ra te  te m p e ra tu re s  (-8 0 °C ) .
U sing  DMSO a s  a  s o lv e n t ,  3 ,^ -d im e th y lth io p h e n e  d io x id e  was h e a te d  
f o r  12 h o u rs  a t  120°C , The d im e r, i s o l a t e d  p r e v io u s ly  by  W robel and 
K a b in sk a , 38 was o b ta in e d  i n  a  60% y i e l d .  In  th e  c a s e  o f  th e  3 , ^ - d i ­
m e th y l th io p h e n e  d io x id e  d im er (T ab le  V I ) ,  th e  6Hz c o u p lin g  o f  Rg "to Eg 
and th e  d e s h ie ld in g  o f  Eg by  th e  s u lfo n e  a r e  c o n s i s t e n t  w ith  th e  
p re v io u s  o b s e r v a t io n s  o f  th e  th io p h e n e  d io x id e  d im ers  and a llo w  an 
unam biguous a ss ig n m e n t o f  t h e  lo w er f i e l d  a b s o r p t io n  a t  5-626  t o  Eg. 
The a l l y l i c  c o u p lin g  o f  Eq to  t h e  E7 m e th y l ,  E5 to  Eg and  th e  a l l y l i c  
c o u p lin g  E2 to  R3 a llo w  a  d e c i s iv e  a ss ig n m e n t o f  t h e  ch em ica l s h i f t s  
f o r  t h e  a l l y l i c  m e th y l g ro u p s . The c h em ica l s h i f t  d i f f e r e n c e  betw een  
th e  Rg and R7 m e th y l a b s o r p t io n s  i s  c o n s i s t e n t  w ith  t h e  d e s h ie ld in g  o f  
R7 , E g , Rg and  R2 p o s i t i o n s  by th e  oxygen lo n e  p a i r  e l e c t r o n s  o f  th e  
s u l f o n e .  The d o w n fie ld  s h i f t  t o  th e  R3 m e th y l i s  due t o  th e  s t ro n g  
e le c tro n -w ith d ra w in g  c h a r a c te r  o f  th e  s u l f o n e .
The sym m etric 3 ,^ -d im e th y lth io p h e n e  d io x id e  d im er was in te n d e d  
to  s e rv e  a s  a  m odel f o r  th e  c o n d i t io n s  n e c e s s a ry  to  d im e r iz e  th e  
d i s u b s t i t u t e d  th io p h e n e  d io x id e  d e r i v a t i v e s  and a l s o  a s  a  s t r u c t u r a l  
m odel t o  a id  in  t h e  a ss ig m e n t o f  th e  2 ,U -d im e th y lth io p h e n e  
d io x id e  dim er s t r u c t u r e .  The d im e r iz a t io n  o f  t h e  2 , ^ -d im e th y l 
d e r iv a t iv e  c o u ld  y i e l d  fo u r  p o s s ib le  iso m e rs :
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D im e r iz a t io n  o f  t h e  2 , U -d im e th y lth io p h e n e  d io x id e ,  u t i l i z i n g  th e  
p ro c e d u re  d e v e lo p e d  f o r  th e  3 ,^ - d im e th y l  d e r i v a t i v e ,  gave  t h e  d im e r 
i n  h5% y i e l d .  The d im er sh oved  "bands i n  t h e  IR  a t  1 6 7 0 , 1 6 0 5 , 1300 
and 1 1 6 0cm-1 w h ich  c o n firm e d  t h e  s u l f o n e  and o l e f i n  f u n c t io n a l  g ro u p s . 
The *H NMR sp e c tru m  h ad  o n ly  s i n g l e t  a b s o r p t i o n s . Thus s t r u c t u r e s  27 
and  28 a r e  r u l e d  o u t  b e c a u se  th e y  w ould  be e x p e c te d  t o  p o s s e s s  some 
d o u b le t  s t r u c t u r e  i n  t h e  3-Uppm r e g io n  w ith  a  J  = h-6 ilz  f o r  t h e  R q- 
Rq a n d /o r  Rit-Rs i n t e r a c t i o n s .  A tte m p tin g  t o  u se  th e  s p e c t r a l  r e s u l t s  
o b ta in e d  from  t h e  3 , ^ -d im e th y l d im e r t o  a s s ig n  th e  s t r u c t u r e  o f  t h e  
2 , I t-d im e th y l d im er d id  n o t a l lo w  a  d e c i s iv e  a ss ig n m e n t o f  th e  26  o r  29 
s t r u c t u r e  b e c a u se  t h e r e  w ere J u s t  to o  many s l i g h t  d e v ia t io n s  t o  p e rm it  
a  d e f i n i t i v e  c o n c lu s io n .
The c h em ica l s h i f t s  o f  t h e  o l e f i n i c  p r o to n s  R5 and R3 a r e  u p f i e l d  
o f  t h e  R6 and  R7 p r o to n s  w h ich  i s  c o n s i s t e n t  w i th  t h e  p a t t e r n  o b se rv e d  
f o r  t h e  o th e r  m e th y l d im e rs . The N u c le a r  O v e rh au se r E f f e c t  (NOE) 56 
o f  t h e  a l l y l i c  m e th y l g ro u p s  on t h e  v in y l  p r o to n  a s  w e l l  a s  t h e  a l l y l i c  
c o u p l in g  o f  t h e  m e th y l - v in y l  a l l y l i c  p ro to n s  can  b e  u s e d  t o  a s s i g n  th e  
c o r r e c t  26 o r  2§ d im er s t r u c t u r e .  The r e s u l t s  o f  t h e  NOE s tu d y  a r e  
shown in  T a b le  V I I .
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T a b le  V I I .  WOE S tu d y  o f  t h e  2 , ^ -D im e th y l T h lo p h en e  D io x id e  D im er,
C hem ical S h i f t s  o f  P ro to n s
a o■H fi +»
o
o
•H
*P
raoPn M
6 .1 2 5 .9 6 5 .0 2 3.1*7
1 .7 6 0 5 .8 * * 9 .1 0
2 . 06* 0 19 0 10
2 . 09* 35 0 0 0
*M ethyl a b s o r p t io n s  so  c lo s e  t h a t  t h i s  i s  t h e  c l e a n e s t  
enhancem en t o b ta in e d .
**% enhancem ent o f  t h e  i n t e n s i t y  o f  t h e  a b s o r p t io n  a t  
5*96  when th e  m e th y l g ro u p s  a t  1 .7 6 6  i s  i r r a d i a t e d .
I f  a d d u c t  22 c o r re s p o n d e d  t o  t h e  compound i s o l a t e d ,  a n  WOE o f  a b o u t 
20% w ould  b e  e x p e c te d  f o r  th e  Ri+ p r o to n  when th e  m e th y l g ro u p s  a t  R3 
and  R5 a r e  i r r a d i a t e d ,  b u t  f o r  a d d u c t  2 6 , Rg w i l l  h av e  a  20% WOE o n ly  
i f  Rg i s  i r r a d i a t e d .  The r e s u l t s  from  t h e  t a b l e  above i n d i c a t e  t h a t  
i r r a d i a t i o n  a t  2 .0 6  en h an ces  t h e  a b s o r p t io n s  a t  5 .9 6  and 3.J+7 by  19% 
and  10%. H ow ever, i r r a d i a t i o n  a t  2 .0 9  o n ly  en h an ces  th e  a b s o r p t io n  
a t  6 .1 2  by  35%. T hese  r e s u l t s  a r e  m ore c o n s i s t e n t  w i th  s t r u c t u r e  26 
th a n  2 g .
H ow ever, th e  m o st c o n v in c in g  p ie c e  o f  e x p e r im e n ta l  e v id e n c e  f o r  
t h e  26 s t r u c t u r e  comes from  t h e  H-D exchange  r e a c t i o n  on th e  2,1*- 
d im e th y l  d im e r. The d im er o f  3 ,U -d im e th y l-  an d  o f  t h e  2 ,lj—d im e th y l~  
th io p h e n e  d io x id e  w e re  s u b je c te d  t o  exchange  c o n d i t io n s  t h a t  w ere  
a lm o s t i d e n t i c a l .  F o r t h e  d im er o f  3 , l t -d im e th y lth io p h e n e  d io x id e  
t h e  R2 an d  Rg p r o to n s  h a d  in c o r p o r a te d  8 l% an d  19% d e u te r iu m . The 
2 ,U -d im e th y l d im er h a d  in c o r p o r a te d  86% d e u te r iu m  a t  Rg b u t  no 
ex ch an g e  had  o c c u r r e d  a t  th e  R3 p o s i t i o n .  The r e s u l t s  c an  o n ly  b e  
r a t i o n a l i z e d  w i th  s t r u c t u r e  26  f o r  t h e  2 ,l* -d im e th y l d im e r .■t M
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Due t o  t h e  a d d i t i o n a l  v i n y l  "bond t h e r e  a r e  o th e r  r e a c t i o n s  p o s s i ­
b l e  w hich  c o u ld  l e a d  t o  t h e  fo rm a tio n  o f  12  r e g io is o m e r s  f o r  th e
no rm al r e a c t i o n  c o u ld  o c c u r  a c r o s s  t h e  e n d o c y c lic  d o u b le  b o n d s , p a th  
A, o r  an e x o c y c l ic  r e a c t i o n ,  p a th  B , w ith  e i t h e r  o f  t h e  t h r e e  d o u b le  
b o nds ( 1 ,2 ,3 )  t o  y i e l d  th e  tw e lv e  p o s s i b l e  iso m e rs  shown on th e  n e x t  
p a g e .
P la c in g  t h e  3 - is o p ro p y l~ * t- is o p ro p e n y l th io p h e n e  d io x id e  i n  a  v i a l  
and  h e a t in g  a t  l8o°C f o r  2 h o u r s , fo l lo w e d  b y  r e c r y s t a l l i z a t i o n  
y i e ld e d  a  s o l i d  p ro d u c t  i n  62% y i e l d .  The s u l f o n e  an d  o l e f i n  p o r t i o n s  
o f  t h e  d im er w ere  o b s e rv e d  i n  t h e  IR  sp ec tru m  o f  t h e  com pound. The 1H 
KMR sp ec tru m  r e v e a l e d  two m e th in e  p r o to n s  a  t o  a  s u l f o n e  f u n c t i o n a l i t y  
w h ich  r u l e s  o u t  a l l  o f  th e  A s t r u c t u r e s  a s  w e l l  a s  t h e  B1 (X,Y) 
s t r u c t u r e s  b e c a u s e  th e y  h a v e  a t  m o st one  p r o to n  a  t o  t h e  s u l f o n e .  
D e co u p lin g  e x p e r im e n ts  showed t h a t  t h e s e  two p r o to n s  w ere  c o u p le d  
t o  e ac h  o th e r  J  = 9 . 5Hz an d  t h e  p r o to n  a t  h .2  h ad  a  lo n g  ra n g e  
c o u p lin g  t o  t h e  a l l y l i c  m e th y l p r o to n s .  The s u b s t a n t i a l  c o u p lin g
d im e r ic  p r o d u c t ( s )  o f  3 - i s o p r o p y l - ^ - i s o p r o p e n y l th io p h e n e  d io x id e .  A
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o f  th e s e  two p ro to n s  r u l e s  o u t s t r u c tu r e s  B2 (.X) and B3 (Y) s in c e  th e s e  
s t r u c tu r e s  would n o t be  ex p ec ted  to  have such a  s tro n g  i n t e r a c t i o n  
betw een  th e  two a - s u lf o n e  p ro to n s .  F in a l l y ,  th e  B2 (x) s t r u c t u r e  i s  
r u le d  o u t as  a  p o s s i b i l i t y  b ecau se  one o f  th e  is o p ro p y l  m eth in e  hydrogens 
i s  s h i f t e d  to  2 .3 6 . Only s t r u c t u r e  B3 (Y) a p p ea rs  to  p o s se s s  th e  
f u n c t i o n a l i t y  n e c e s sa ry  to  a cco u n t f o r  th e  o b serv ed  s p e c t r a l  c h a ra c ­
t e r i s t i c s  :
Chem ical S h i f t s  o f  
S u b s t i tu e n ts  a t  
P o s i t io n
6 .57  
1 .18  
U. 9U 
5 .15  
1 .1 7  
2 .35
2 .73
2.28
1 .1 7
3 .01
6.1+7
U.21
3 .81
SO.
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I n  an  a tte m p t t o  r a t i o n a l i z e  th e  r e g i o s e l e c t i v i t y  o b se rv ed  f o r  
th e  d im e r iz a t io n s  o f  th e  u n sy m m e tric a lly  s u b s t i t u t e d  th io p h e n e  
d io x id e s  b o th  f r o n t i e r  m o le c u la r  o r b i t a l  (FMO) and a n a ly s e s  o f  p o s s ib le  
d i r a d i c a l  in te rm e d ia te s  w ere p e rfo rm ed . The FMO's f o r  th e s e  unsym - 
m e t r ic a l  th io p h e n e  d io x id e  d e r iv a t iv e s  a re  c o l l e c te d  in  T ab le  V II I  
a lo n g  w ith  th e  d im e ric  p ro d u c t e x p ec te d  on th e  b a s i s  o f  FMO th e o ry .
57The second o rd e r  p e r tu r b a t io n  e x p re s s io n  f o r  th e  ch arg e  t r a n s f e r  
component o f  th e  in te rm o le c u la r  i n t e r a c t i o n  en e rg y  i s :
1*0
(E H. ,m) 2 (EHv l n }2occ v ac  l j  vac oec k l
E = 2[ I  E S— + l  I  - 2 -------—  (3 )
CT A B e i  EJ A B k  el
S in c e  th e  c h a rg e  t r a n s f e r  en e rg y  i s  in v e r s e ly  p r o p o r t io n a l  t o  th e  
d i f f e r e n c e  "between th e  o r b i t a l  e n e rg ie s  t e ) ,  i t s  p r i n c i p l e  com ponent 
w i l l  be  th e  i n t e r a c t i o n  betw een  th e  HOMO and LUMO o f  t h e  two frag m e n ts  
b e c a u se  th e y  a r e  t h e  c l o s e s t  i n  en erg y . U sing  th e  M u llik e n  a p p ro x i-  
■ nation, H .  C ^ C ^ S y k :
(f k n° i nBKLk)Z
ECT “ ^ e .  CHOMO) -  e IUJMO) * ev lHOMO) -  c,(LDMD) '  ^X j  K. JL
I t  i s  assumed i n  th e  FMO th e o ry  t h a t  t h e  e n e r g e t ic  d i f f e r e n c e s  
betw een  th e  re g io is o m e rs  i s  due p r i n c i p a l l y  t o  v a r i a t i o n  o f  t h e  c h a rg e  
t r a n s f e r  component o f  th e  I n t e r a c t i o n  e n e rg y . 11*4 S in c e  t h e  HOMO-LUMO 
ground  s t a t e  o r b i t a l  e n e r g ie s  a r e  i d e n t i c a l  f o r  th e  two frag m e n ts  o f  a  
d im e ric  r e g io is o m e r , th e  c h a rg e  t r a n s f e r  o f  th e  r e g io is o m e r ic  d im er 
com plexes w i l l  o n ly  be  a  fu n c t io n  o f  th e  amount o f  in te r m o le c u la r  o v e r ­
l a p  betw een th e  HOMO-LUMO p a i r s  o f  th e  two f ra g m e n ts :
( E C ^ C ^ S ^ )
ECI>tDiJner) * (HOMO) -  e (LUMO)  ^ ^
i  J
T hus, th e  e n e r g e t ic  d i f f e r e n c e s  among t h e  re g io is o m e rs  sh o u ld  b e  
d i r e c t l y  p r o p o r t io n a l  to  th e  amount o f  in te r m o le c u la r  HOMO-LUMO o v e r­
l a p  betw een  th e  r e g io is o m e r s .
E xam ina tion  o f  t h e  o v e r la p s  betw een th e  s e t s  o f  HOMO-LUMO p a i r s  
f o r  b o th  one and two bond i n t e r a c t i o n s  w i l l  n o t  r a t i o n a l i z e  th e
Ta~ble T i l l .  Thiophene D ioxide F r o n t i e r  M olecu lar O r b i ta l  C o e f f ic ie n ts .
,  O 0 «  # 0 O
k Y / ” *  k o
X / S ' %  C v ' n S l l K - C  X
ts ^ /  v0 t 0  I  ’4  #*  ^
• o o
b
H R R 2 3 1* 5 S 0 0_ E xpected  P roduc t Based
_  _  _  _  _  _ t  _B on Maximum O verlap
LUMO -M 2  - ,3 9  -<39 +<39 +<2 9P„ -*2l4p +,2l»P
Z X X
He E H - .3 6 dxz
—  2«5l___________ _
y yHOMO +.1*7 +.1*5 - .3 2  -.1*9 -----   5P +.25P ^ T ' S O .v  1 J  *
LUM0C2ir) + HOMOCIht)
WHO + .39  -.1*1 - .3 9  +.1*1 +.29P z
H He H -.35D xz
HOMO + .5 6  + .37  - .3 1  -.1*3   - .3 0 P  +.30P SOa  S ° xy x
LU M 0(2ir) +  HOMO(l*ir)
Me E Me
LUMO + .37 -.1*0 - .3 8  +.1*2 +.28F -,2l*p +,2lip
Z X X
- 35Dxz
H
T ab le  V II I  C ontinued,
R2 R3 Ri*
Me H Me HOMO
LUMO
H Me V in y l
HOMO
LUMO
H MeO Cl
HOMO
2 3 14
+ .55 +-32 -.1*0
+ .36 -.31* - .3 9
+.1*6 + .20 - .3 3
+ .31  - .3 5  -.1*1
+ .5 1* + .29  - .2 8
5 S
-.1*2 ---
+.1*1* +.25Pz
—32Dx
- .5 2  -----
+ .1*8 +.27PZ
-.1*3---- -------
.25P„
Ti
+.25P
-.27P_ +.2?P_
- ,28p + .28p
E xpected P ro d u c t Based 
on Maximum O verlap
'SOx
HOMOCltir) + LUM0(.2rr)
SQx
-■23PX +.23PX
- . 3 ^
- .2 7 P y  +-27Py
HOMO(1**0 + LUM0(2i0 
o r
H0M0C2if) + LUMO (1* it) 
.ON*
■trro
1+3
o b se rv e d  d im e ric  r e g i o s e l e c t i v i t y .  A p o s s ib l e  e x p la n a t io n  f o r  t h i s  
r e s u l t  c an  b e  fo u n d  by  e x a m in a tio n  o f  th e  s u l f o n e  i n t e r a c t i o n  w i th  
t h e  b u ta d ie n e  fra g m e n t o f  t h e  th io p h e n e  d i o x i d e .
Even th o u g h  th e  c a l c u l a t i o n s  (T a b le  V I I I ) show th e  c o e f f i c i e n t  
p o l a r i z a t i o n  o f  th e  th io p h e n e  d io x id e  b u ta d ie n e  f ra g m e n t t o  b e  q u i t e  
s i m i l a r  t o  t h e  p a t t e r n s  o b se rv e d  f o r  t h e  i s o l a t e d  b u ta d ie n e s ,  t h e r e  
i s  c o n s id e r a b le  s p i r o  i n t e r a c t i o n  w ith  t h e  s u l f o n e  oxygen o r b i t a l s .
C o n tra ry  t o  th e  ad hoc a rg u m e n ts  o f  Anh59 and  G a rb is h , 58 t h e  
s p i r o  i n t e r a c t i o n s  o f  t h e  oxygen o r b i t a l s  w ith  t h e  c a rb o n  it fram ew ork  
a r e  a n t ib o n d in g .  T hus, t h e  se c o n d a ry  o v e r la p  w i th  t h e  LUMO oxygen 
2px  o r b i t a l ,  w i l l  re d u c e  t h e  n e t  o v e r la p  w ith  t h e  2 , 5- p o s i t i o n s , o f  
t h e  th io p h e n e  d io x id e  LUMO. T h is  a n tib o n d in g  se c o n d a ry  o v e r la p  w i l l  
n o t  o n ly  lo w er t h e  c h a rg e  t r a n s f e r  be tw een  t h e  tw o r e a c t i n g  f ra g m e n ts  
b u t  w i l l  a l s o  d e c r e a s e  t h e  e n e r g e t i c  d i f f e r e n t i a t i o n  b e tw een  t h e  2 ,5 -  
p o s i t i o n s  o f  th e  LUMO. S in c e  t h e  c h a rg e  t r a n s f e r  com ponent o f  t h e  
i n t e r a c t i o n  e n e rg y  w i l l  d e c r e a s e ,  o th e r  non -b o n d ed  f a c t o r s ,  e . g . ,  
s t e r i c ,  w hich  a r e  u s u a l l y  m in o r com ponents o f  t h e  D ie ls - A ld e r  
a c t i v a t i o n  e n e rg y , now have  a  m ore p ro n o u n ced  e f f e c t  on  th e  r e g i o ­
s e l e c t i v i t y .
The n e x t s te p  was t o  e v a lu a te  t h e  r e g i o s e l e c t i v i t y  o f  t h e  
d im e r iz a t io n s  in  te rm s  o f  a  b i r a d i c a l  m echan ism . I n  t h i s  c a s e  r e g i o ­
s e l e c t i v i t y  sh o u ld  b e  g o v e rn e d  b y  t h e  fo rm a tio n  o f  t h e  m ost s t a b l e  
b i r a d i c a l .
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H ow ever, f o r  t h e  m o n o s u h s t i tu te d  th io p h e n e  d io x id e s  (3-M e, 3 -  
p h e n y l ) ,  t h e  a d d u c ts  i s o l a t e d  w ould  h e  fo rm ed fro m  t h e  l e s s  s t a b l e  
b i r a d i c a l .  O nly f o r  2 -m e th y lth io p h e n e  d io x id e  w as a  d im er i s o l a t e d  
t h a t  c o u ld  have  p ro c e e d e d  th ro u g h  th e  m ost s t a b l e  b i r a d i c a l  (Z ) .
The o n ly  o th e r  d im er p ro d u c t  t h a t  c o u ld  be  e a s i l y  r a t i o n a l i z e d  by  
t h i s  ty p e  o f  m echanism  was th e  a d d u c t o f  3 - i s o p r o p y l - U - i s o p r o p e n y l -  
th io p h e n e  d io x id e .
H ow ever, i n  t h i s  c a s e  an  e x p la n a t io n  f o r  t h e  g r e a t e r  s t a b i l i t y  o f
t h e  30  b i r a d i c a l  w ould  need  t o  b e  d e v e lo p e d , s i n c e  th e  3^, b i r a d i c a l  
w ou ld  b e  e x p e c te d  t o  b e  t h e  m ore s t a b l e  b i r a d i c a l .  R a th e r  th a n  a t te m p t 
t o  f o r m u la te  a n  e x p la n a t io n  f o r  t h e  fo rm a tio n  o f  t h e  l e s s  s t a b l e  b i ­
r a d i c a l s ,  l e t  u s  a n a ly z e  t h e  b i r a d i c a l  t r a n s i t i o n  s t a t e s  f o r  t h e  p o s s i -
b l e  d im e r ic  r e g io is o m e rs  o f  2 , U -d im e th y lth io p h e n e  d io x id e .
The p o s s ib l e  is o m e r ic  b i r a d i c a l  t r a n s i t i o n  s t a t e s  f o r  t h e  
d im e r iz a t io n  o f  2 , l t-d im e th y l th io p h e n e  d io x id e  a r e  shown below :
SO. -so,
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I t  i s  assum ed i n  t h e  d i r a d i c a l  a n a ly s e s  t h a t  t h e  c o u p lin g  o f  t h e
l , l t - b i r a d i c a l s  ( 32- ^ )  o c c u r  w i th  a lm o s t no a c t i v a t i o n  e n e rg y . 
B a r t l e t t 60 h a s  commented t h a t  i n  o r d in a r y  s o lv e n t s  th e  c o u p lin g  o f  
tw o r a d i c a l  p a i r s  i s  a lm o s t d i f f u s i o n  c o n t r o l l e d .  T h is  c o n c lu s io n  
i s  j u s t i f i e d  e x p e r im e n ta l ly ,  b a s e d  on th e  d a ta  c o l l e c t e d  by N onhebel 
an d  W alto n 61 a s  w e l l  a s  K o c h i62 i n  t h e i r  m onographs on f r e e  r a d i c a l s .  
A lth o u g h  t h e  s o lu t io n  d a t a  i n d i c a t e  t h a t  t h e  c o u p l in g  r a t e  f o r  t h e
U6
a lk e n e  s e r i e s  i s  M e> E t> i-P r> t-B u , th e  o v e r a l l  e f f e c t  on th e  r a t e  o f  
c o u p lin g  i s  l e s s  th a n  an  o rd e r  o f  m a g n itu d e . E x te n s io n  o f  th e s e  id e a s  
to  t h e  b i r a d i c a l  m echanism s d is c u s s e d  h e re  i n d i c a t e  t h a t  t h e  f i r s t  s t e p ,  
in v o lv in g  th e  fo rm a tio n  o f  th e  b i r a d i c a l  sh o u ld  b e  r a t e  d e te rm in in g . 63
I f  t h e  d im e r iz a t io n  t r a n s i t i o n  s t a t e  i s  v e ry  u n sy m m e tr ic a l, th e n  
bond fo rm a tio n  be tw een  one p a i r  o f  t e r m in i  w i l l  b e  much m ore advanced  
th a n  th e  bonding  be tw een  th e  o th e r  s e t  o f  t e r m i n i ,  and  th e  r e s u l t i n g  
t r a n s i t i o n  s t a t e  f o r  d im e r iz a t io n  c o u ld  be  v e ry  b i r a d i c a l  in  c h a r a c te r  
even  th o u g h  t h e r e  i s  no a c tu a l  b i r a d i c a l  in te r m e d ia te  fo rm ed . T hus, 
a n a ly s i s  o f  th e  b i r a d i c a l  in te r m e d ia te s  3 § -3 ib  sh o u ld  a llo w  e x am in a tio n  
o f  th e  i n t e r a c t i o n s  p r e s e n t  in  t h i s  u n sy m m e tric a l ex trem e  f o r  d im e r i­
z a t i o n .
The fo rm a tio n  o f  com plex 32 i s  e x p e c te d  to  have  th e  lo w e s t a c t i ­
v a t io n  en erg y  b e c a u se  i t  i s  t h e  m ost s t a b l e  b i r a d i c a l  w ith  th e  l e a s t  
amount o f  s t e r i c  i n t e r a c t i o n .  F o rm a tio n  o f  com plex 3j+ w i l l  in v o lv e  th e  
l a r g e s t  a c t i v a t i o n  e n e rg y  b e c a u se  a  s i z a b l e  Me-Me s t e r i c  b a r r i e r  m ust
b e  surm ounted  and  b i r a d i c a l  3b i s  t h e  l e a s t  s t a b l e  b i r a d i c a l .  The
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a c t i v a t i o n  en e rg y  n eed ed  t o  form  com plex 33 w i l l  b e  in te rm e d ia te  
be tw een  t h a t  f o r  com plexes 32 and  3 ^ . Complex 33 c o n ta in s  a  Me-H 
s t e r i c  b a r r i e r  and  a s  a  b i r a d i c a l ,  i t  i s  h a l f  o f  com plex 32 and h a l f  o f  
com plex 3 ^ .
The g r e a t e r  s t a b i l i t y  o f  com plex 32 i s  due t o  th e  1 ,3 - p a t t e r n  o f  
a l l y l i c  s u b s t i t u t i o n .  The p r i n c i p l e  s i t e s  o f  odd e l e c t r o n  d e n s i ty  on 
th e  a l l y l i c  r a d i c a l  a r e  a t  th e  1 -  and 3 - p o s i t i o n s . Thus s u b s t i t u t i o n  
a t  t h e  1 -  and 3~ p o s i t io n s  s t a b i l i z e s  t h e  a l l y l i c  r a d i c a l ,  w h ile  2 -  
m e th y l s u b s t i t u t i o n  h a s  l i t t l e  e f f e c t  on a l l y l i c  r a d i c a l  s t a b i l i t y .  
T hus, th e  o rd e r  o f  b i r a d i c a l  s t a b i l i t y  i s  32 > 33 > 3b b e ca u se  com plex
^7
32 c o n ta in s  two 1 ,3 - d im e th y l  a l l y l i c  r a d i c a l s j  com plex 33 one 1 » 3 - 
d im e th y l a l l y l i c  r a d i c a l  and  one 2 -m e th y l r a d i c a l  b u t  com plex 3^ h a s  
j u s t  two 2-m e th y l a l l y l i c  r a d i c a l s .
I f  t h e  i n t e r a c t i o n  o f  th e  seco n d  b o n d in g  c e n te r  i s  a s  weak a s
I f  In d e e d  th e  r e a c t i o n  d o es  o c c u r  i n  tw o s t a g e s , th e n  th e  s m a ll d i f f e r ­
en ce  be tw een  a n  even  lo n g  ra n g e  s t e r i c  r e p u l s io n  s h o u ld  n o t  d ra m a t­
i c a l l y  e f f e c t  t h e  i s o l a t i o n  o f  26  o r  2 g .
The d i r a d i c a l  t r a n s i t i o n  s t a t e  a n a l y s i s  lo s e s  m ore o f  i t s  c r e d i ­
b i l i t y  I f  one c o n s id e r s  t h e  e f f e c t s  o f  a  s u l f o n e  on  a n  a d ja c e n t  
r a d i c a l  c e n t e r .  B a c k e r , S te v e n s  an d  D o r s t®5 t r i e d  t o  a l l y l i c a l l y  
b ro m in a te  3 -m e th y l s u l f o l e n e  i n  c a rb o n e  t e t r a c h l o r i d e  and f a i l e d ,  b u t  
K rug and  Yen®6 u s in g  c h lo ro fo rm  w ere  a b l e  t o  a c h ie v e  b ro m in a t io n  a t  
t h e  exo m e th v i ;
L an d esb e rg  and S i e g a l 1*1 r e p o r t e d  t h e  a n t i  a d d i t i o n  o f  HBS t o  su lfo le n e* .
F i n a l l y ,  t h e  w ork o f  P h i l i p s  and Oku67 on th e  r a d i c a l  i n i t i a t e d  i s o m e r i ­
z a t i o n  o f  t h e  5-b ro m o -5- m e th y ls u l f o n y lb ic y c lo £ 2 . 2 . 1 ] e h p t - 2 - e n e s  sh o u ld
Dewar e t  a l . 6t* and  F ire s to n e ® ^  w ould  s u g g e s t ,  th e n  why sh o u ld  d im e r i ­
z a t i o n  o f  2 , i t - d im e th v l th io o h e n e  d io x id e  y i e l d  o n ly  a d d u c t 2 6 .
at> 33
H o  R x  r \
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"be n o te d .  U sin g  p o ta s s iu m  p e r s u l f a t e  o r  "benzoyl p e ro x id e  th e y  i s o l a t e d  
t h e  t r i c y c l i c  compound i n  80- 90$ y i e l d s :
A lth o u g h  t h e  a t te m p te d  a l l y l i c  b ro m in a tio n s  and t h e  a d d i t io n s  to  
th e  s u l f o le n e  sy s te m s  can  "be u t i l i z e d  t o  e x e m p lify  t h e  i n a b i l i t y  o f  
th e  s u lf o n e  t o  s t a b i l i z e  an  a d ja c e n t  r a d i c a l  c e n t e r ,  t h e  r e s u l t s  a r e  
n o t  c o n c lu s iv e .  R u c h a rd t81* h a s  a rg u e d  t h a t  s t e r i c  f a c t o r s  a r e  even  
m ore im p o r ta n t  th a n  e l e c t r o n i c  f a c t o r s  i n  d e te rm in in g  t h e  r a t e s  o f  
h y d ro g en  a b s t r a c t i o n s  by r a d i c a l s .  H ow ever, t h e  exam ple d is c o v e re d  
by  P h i l i p s  an d  Oku i s  e x p e c te d  t o  b e  q u i t e  f r e e  o f  any  m a jo r  s t e r i c  
e f f e c t s  and  t h i s  i s  t h e  b e s t  exam ple o f  t h e  d e s t a b i l i z i n g  e l e c t r o n i c  
e f f e c t  by  a  s u l f o n e  on an a d ja c e n t  r a d i c a l  c e n t e r .
The b i r a d i c a l  m echanism  d oes n o t  seem  bo b e  a  s u i t a b l e  r a t i o n a l e  
f o r  th e  th io p h e n e  d io x id e  d im e r iz a t io n .  T h is  c o n c lu s io n  i s  due t o  th e  
l a c k  o f  any  a p p a r e n t  e l e c t r o n i c  s t a b i l i z a t i o n  o f  an  a d ja c e n t  r a d i c a l  by  
a  s u l f o n e  and  t h e  i n a b i l i t y  o f  t h e  b i r a d i c a l  m echanism  t o  r a t i o n a l i z e  
th e  p r e f e r e n t i a l  f o r m a tio n  o f  a d d u c t 26  o v e r  29  o r  18  o v e r  19  and 2 0 .
The s u l f u r  d io x id e  e x t r u s io n  fo rm  t h e  i n i t i a l  D ie ls - A ld e r  ad d u c t 
i s  assu m ed , i n  b o th  t h e  d i r a d i c a l  i n t e r p r e t a t i o n  and  t h e  f r o n t i e r  
o r b i t a l  a n a l y s i s ,  t o  be f a s t e r  th a n  any r e t r o  D ie ls - A ld e r  r e a c t i o n .*
#The r e t r o  D ie ls - A ld e r  r e a c t i o n 68 h a s  an  a c t i v a t i o n  e n e rg y  ra n g e  
o f  3l*-6T k c a l /m o l .  S u l f u r  d io x id e  e x t r u s io n  from  2 , 5-d ih y d ro th io p h e n e  
d io x id e s 68 h a s  an  a c t i v a t i o n  e n e rg y  o f  2 9 -3 1  k c a l /m o l .  The AAH = 5 
k c a l/m o l u s e d  in  t h e  t e x t  was d e r iv e d  fro m  c o n s id e r a t i o n  o f  th e  a c t i v a ­
t i o n  e n e rg y  d i f f e r e n c e s  b e tw een  t h e  f o l lo w in g  r e a c t i o n s :
Since the -AAHf between the retro Diels-Alder reaction68’70 and
e x tr u s io n 6 9 ’71 o f  SO i s  a b o u t 5 k c a l/m o l, th e  p ro d u c t s t a b i l i t i e s  w i l l
n o t have any s i g n i f i c a n t  e f f e c t  on th e  fo rw ard  D ie ls -A ld e r  r e a c t io n .
The i s o l a t i o n  o f  adduct 26 im p lie s  t h a t  i n t e r a c t io n s  betw een b o th
ends o f  th e  th io p h e n e  d io x id e s  a re  im p o rta n t in  th e  [ 1+ + 2 ] t r a n s i t i o n
s t a t e  f o r  d im e r iz a t io n  b ecau se  no 28 ad d u ct i s  form ed and e s p e c ia l ly— * *
due t o  th e  absence  o f  any 29 a d d u c t ,  s in c e  th e  26 and 29 ad d u c ts  d i f f e r  
o n ly  i n  th e  d i r e c t i o n  o f  fo rm a tio n  o f  th e  second bond . The f ig u r e  below 
shows t h i s  in t im a te  d ia s te re o m e r ic  r e l a t i o n s h ip  betw een  th e  two r e a c ­
t i o n s .  The p o s s ib le  bond fo rm ing  c e n te r s  betw een th e  two th io p h e n e  
d io x id e  fragm en ts  a re  la b e le d  a ,  b ,  c and a'*, b"*, c ' .
The re a so n  d ia s te re o m e r  33a fa v o re d  o v er 33^ can  seen  i f  
a  com parison i s  made o f  th e  tw o com plexes:
3 3 b
4 tt(TD) f r a g m e n t  i s  n e a r  
2 it (TD) f r a g m e n t  i s  a w a y
V -r
s a s o
I n  33b t h e r e  i s  a  m ore s t e r i c  r e p u l s io n  b e tw e e n  th e  2 -m e th y l o f  th e
Utt(TD) fra g m e n t an d  t h e  U -m ethy l o f  t h e  2tt(TD) f ra g m e n t t h e r e  t h e r e  i s  
i n  com plex 33a  b e tw een  th e  -m e th y l o f  th e  i;7r(TD) fra g m e n t and  th e
2 -m e th y l o f  t h e  2tt(TD) f r a g m e n t .  I n  a d d i t i o n ,  com plex 33b h a s  a  
l a r g e r  s t e r i c  i n t e r a c t i o n  b e tw ee n  th e  ^ -m e th y l o f  t h e  ^tt(TD) f ra g m e n t 
and  th e  s u l f o n e  oxygen o f  t h e  2tt fra g m e n t t h a n  com plex 33a h a s  b e tw een  
th e  s u l f o n e  oxygen  o f  t h e  IittCTD) frag m e n t an d  t h e  2-m e th y l  o f  t h e  
2tt(.TD) f r a g m e n t .  The m e th y l-m e th y l s t e r i c  r e p u l s i o n  o f  com plex 33&
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w i l l  d e c re a s e  and th e  oxygen-m ethy l r e p u ls io n  w i l l  s l i g h t l y  in c r e a s e  
a s  th e  second  bond i s  fo rm ed . However, in  com plex 33b th e  m e th y l-  
m e th y l s t e r i c  r e p u ls io n  w i l l  in c r e a s e  and th e  m e th y l-o x y g en  r e p u ls io n  
may in c r e a s e  s l i g h t l y  a s  th e  second  bond i s  fo rm ed .
G a rb ish  and S p re c h e r59 p r e v io u s ly  h ave  r e p o r te d  th e  same ty p e  o f  
s u b s t i t u t i o n  p a t t e r n  f o r  th e  d im er o f  2 , U - d i- t -b u ty lc y c lo p e n ta d ie n o n e  
(CFDO) t o  th e  s u b s t i t u t i o n  p a t t e r n  r e p o r te d  h e r e  f o r  t h e  2 ,l* -d im e th y l-  
th io p h e n e  d io x id e  d im e r. T h e ir  s t r u c t u r a l  a ss ig n m e n t h as  been  
v e r i f i e d  by  th e  w ork o f  H ew itt and T a y lo r : 99
0
G a rb ish  and S p re c h e r  r a t i o n a l i z e d  th e  r e g i o s e l e c t i v i t y  o f  t h e  2,1*- 
di-t-Bu-CFD O  d im e r iz a t io n  i n  te rm s  o f  s t e r i c  c o n t r o l .  In d e e d , i t  
a p p e a rs  t h a t  th e  same ty p e  o f  e f f e c t s  c o n t r o l  th e  r e g i o s e l e c t i v i t y  
o f  th e  th io p h e n e  d io x id e  d im e r iz a t io n s .
The o v e r a l l  s u b s t i t u t i o n  p a t t e r n s  f o r  t h e  d im e r iz a t io n  o f  t h i o ­
phene  d io x id e s  s u g g e s t  t h a t  t h e  r e a c t i o n  p ro c e e d s  th ro u g h  a  tw o-end  
u n sy m m e tric a l t r a n s i t i o n  s t a t e  w ith  bond ing  m ore advanced  a t  th e  
l e a s t  crow ded p o s i t i o n .
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P a r t  C. C y c lo a d d i t io n s  o f  T h io phene  D io x id e s  t o  C y c lo n e n ta d ie n e .
B lu e s to n e 14 e t  a l .  r e p o r t e d  t h e  f i r s t  p ro b e  o f  p e r i s e l e c t i v e  
b e h a v io r  by a  th io p h e n e  d io x id e .  The r e a c t i o n  o f  c y c lo p e n ta d ie n e  
(CPD) w ith  a  th io p h e n e  d io x id e  (TD) c o u ld  g iv e  e i t h e r  o f  tw o p o s s ib l e  
D ie ls - A ld e r  a d d u c ts  b e c a u s e  t h e  tw o r e a c t a n t s  in v o lv e d  a r e  d ie n e s .  
D i s t i l l a t i o n  o f  t h e  r e a c t i o n  m ix tu r e  y i e ld e d  tw o p r o d u c t s ,  35 and 36 
i n  a  8 0 :2 0  r a t i o  w i th  a  77^ o v e r a l l  y i e l d ;
Cl
s o
o 5
ci
Cl
c
The p ro d u c t  d i s t r i b u t i o n  was i n t e r p r e t e d  i n  te rm s  o f  tw o com peting  
ty p e s  o f  c y c lo a d d i t io n  r e a c t i o n s ,  (Scheme I I )  UttCt d ) + 2ir(CPD) and 
Uir(CPD) + 2tt(TD) :
y n ( r o )  + 77i(cpt>)
Cl
cl
3Q
-SO
53
B lu esto n e  e t  a l . * 1* d id  n o t c o n s id e r  th e  p o s s i b i l i t y  t h a t  a  s in g le  
ad d u c t co u ld  g iv e  r i s e  to  th e  o b se rv ed  p ro d u c t d i s t r i b u t i o n .  I ?  th e  
Cope re a rran g em en t o f  35 ■+■ 37 o r  37 -+ 35 w ere com peting  w ith  s u l f u r  
d io x id e  l o s s ,  th e n  th e  f i n a l  p ro d u c t d i s t r i b u t i o n  would n o t  r e f l e c t  th e  
d i s t r i b u t i o n  o f  p rim ary  a d d u c ts . T h is  example o f  th e  th io p h e n e  d io x id e  
fu n c t io n in g  a s  a  Uir fragm en t in  a  D ie ls  A ld er r e a c t i o n ,  i f  c o n firm e d , 
w ould a llo w  a  p ro b e  o f  th e  r e g i o s e l e c t i v i t y  o f  s u b s t i t u t e d  th io p h e n e  
d io x id e  c y c lo a d d i t io n s .  I n  a d d i t io n ,  th e  r a t i o  o f  35 /36  would a llo w  an 
a n a ly s i s  o f  th e  p e r i s e l e c t i v i t y  f o r  th e s e  two ty p e s  o f  d ie n e s .  The 
th io p h e n e  d io x id e s  r e a c te d  w ith  c y c lo p e n ta d ie n e  and  th e  a d d u c ts  form ed 
a re  shown below :
ft*
ft*
SO,
R2 R3_ Rif Rs
H H H H.
H H Me H
H H H Me
H H Ph H
H Me Me H
Me H Me H
c o n t,
H Cl 
H Cl 
H i - P r
_  R5
C l H
MeO- H
i- p r o p e n y l  H
The 1H NMR ch em ica l s h i f t s  and c o u p lin g  c o n s ta n ts  f o r  th e  a d d u c ts  a re  
shown in  T ab le  IX .
The f i r s t  r e a c t io n  s tu d ie d  was th e  c y c lo a d d i t io n  o f  3 ,^ - d i c h lo r o -  
th io p h e n e  d io x id e  t o  c y c lo p e n ta d ie n e  a t  a  lo w er te m p e ra tu re  t o  see  i f
fOjll
T ab le  IX. HMR S p ec tra  o f  Thiophene D lox lde-C ydopep tad lene  A dducts.
Chemical Shifts (Cl
R2 Si R9 Si Si Si
H Cl Cl 6.1(6 Cl Cl
H Me Me 5.96
Me
1.82
Me
1.5l(
Me H Me 6.01
Me
1.86 3.66
E i-P r i-propenyl 6.12
i-propenyl
i . bt
5.12
5.18
H
fO
J*
H OMe Cl 5.57
OMe
3.83 Cl
H H H 6.37 6.1(1* 3.72
H Me H 6.01
Me
1.05 3.57
Me H H
Me
1.9 5.98 3.56
H Ph H 6.5
Fh
7.1* 3.95
E H H 6.1(2 6.1(2 2.83
7
(CDClj) 9 1
0,5-
A 3
X
Si Si Sz. Si Si •Rio R n
3.27 6.11 6 .1*6 3 .1*6 It. 16 2.02 2.22
2.71* 6 .05 6.28 3 .1*7 3.1*7 1.82 1.82
3.01 5 .92 6 .U5 3.10
Me
1.68 1.85 2.0
3.37 6.02 6.1*1 3.37 3.51* 1.81 1 .8 l
3.22 6.03 6.1*5 3 . 1*2 l*.l 2.1 2.1
3.12 5.95 6.33 3 .1*3 3.72 1.58 1.69
3 .16 5-95 6.31 3 .37 3.76 1.61* 1.61*
3.09 5-93 6 .2U 3 .1*1 3.73 1.6T 1.67
3.17 5.72 6.3l* 3 . 1*6 1*.25 1.7 1.7
2.51 6.05 6.39 3.87 3.8?
CH2
0.1*5
ch2
0 .6
Coupling Constants (Hz) 
JS6 = 3 , J 67 = 5 , J 78 =
J09 = 4
J*t5 = 1*. J 56 = 3 , J67 = 6, 
J7B = 3
J89 = 1*
J$G = 3 , J67 = 6 , J78 = 3,
Jb9 = I*
Jz3  = 7 i J3<* = 2 ,  J 2„ -  2 ,
JiiS = 8 , J 56 = 3 , J67 = 6,
J78 "  3 , Js9 = **
Jj,9 = 8 , J 56  = 3 , J67 = 5 .5 , 
J7B = 3 , JB9 = ^
J 23 = 1 , J 49 = 8 , Jsg = 3,
167 = 5 .5 , J 7 8  = 3 , JBy = ^
J23 = 1 2 .5 , J31* « 5 , J2*t = •*» 
J**5 = 5 , JS6 = 6> J G7 = 12» 
J78 = 8 , Jfl9 = 81 J*<9 = 3.5
VJ1
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t h e  Cope re a rra n g e m e n t (Scheme I )  was c o m p lic a tin g  th e  B lu e s to n e  
r e s u l t s .  T h u s, one e q u iv a le n t  o f  3 ^ - d ic h lo r o th io p h e n e  d io x id e  was 
d is s o lv e d  i n  a c e to n e  and t r e a t e d  w ith  1 .2  e q u iv a le n ts  o f  f r e s h l y
was com pared to  th e  i s o l a t e d  a d d u c t a s  w e l l  a s  to  t h e  c o n t r o l  sam ple o f  
t h e  c y c lo p e n ta d ie n e  u se d  in  th e  r e a c t i o n .  The r e s u l t s  in d i c a t e d  t h a t  
o n ly  one ad d u c t was form ed in  a  68% y i e l d .
A b so rp tio n s  o f  th e  IR a t  l 6 l 0 ,  1310 , and  1150cm-1  co n firm ed  th e  
p re s e n c e  o f  th e  s u lfo n e  and  o l e f i n  f u n c t io n a l  g ro u p s . D eco u p lin g  
e x p e r im e n ts  v e r i f i e d  th e  a ss ig n m e n ts  o f  c o u p lin g  c o n s ta n ts  shown in  
T ab le  IX . I n t e g r a t i o n  o f  t h e  o l e f i n  r e g io n  and  com parison  w i th  th e  
s a tu r a t e d  r e g io n  o f  th e  sp ec tru m  y ie ld e d  a  3 :5  r a t i o  o f  o l e f i n  to  
s a t u r a t e d  p r o to n s . T h is  s in g le  o b s e r v a t io n  a lo n e  r u l e s  o u t p o s s ib le  
a d d u c ts  such  a s :
Thus a l l  t h e  s p e c t r a l  d a ta  w ere  c o n s i s t e n t  w ith  th e  Utt(CPD) + 2ir(TD) 
a d d u c t r e p o r te d  e a r l i e r .  However, t h e  e x p e rim en t showed t h a t  th e  
a p p a re n t  Uir(TD) + 2ir(CH))* a d d u c t r e p o r te d  by B lu e s to n e 14 e t  a l .  was 
a  r e s u l t  o f  t h e  Cope re a rra n g e m e n t d u r in g  th e  d i s t i l l a t i o n  and n o t due
c ra c k e d  c y c lo p e n ta d ie n e .  The HMR sp ec tru m  o f  t h i s  c ru d e  m ix tu re
ci
*T h is  n o ta t io n  in d i c a t e s  t h a t  th e  th io p h e n e  d io x id e  i s  th e  d ie n e ,  
Urr f r a g m e n t,  and  th e  c y c lo p e n ta d ie n e  i s  t h e  d ie n o p h i le ,  2 tt f ra g m e n t.
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t o  a  com peting  c y c lo a d d i t io n  pathw ay.
The r e a c t io n  o f  3 , U -d im e th y lth io p h en e  d io x id e  w ith  c y c lo p e n ta d ie n e  
a t  25°C f o r  15 h r .  gave a  s in g le  ad d u c t in  b5% y i e l d .  The IR  in d ic a te d  
th e  p re sen c e  o f  s u lfo n e  and o l e f i n  f u n c t io n a l  g ro u p s . The 1 H HMR 
spec trum  (T ab le  IX) o f  th e  ad d u c t in d ic a te d  th e  p re se n c e  o f  a  s a tu r a te d  
m eth y l group a t  1 .5 3  and an a l l y l i c  m ethy l group  a t  1 .8 2 6 . The IR and 
HMR o b s e rv a tio n s  a re  c o n s i s te n t  w ith  th e  llTr(CPD) + 2ir(TD) s t r u c tu r e  
f o r  th e  a d d u c t. I t  was im p o s s ib le  to  d e te rm in e  th e  exo o r  endo 
n a tu re  o f  th e  ad d u c t b ecau se  R g and Rg w ere a c c id e n t i a l l y  e q u iv a ­
l e n t .
When th e  s o lv e n t  was changed  from. CDCI3 to  b en zen e -d g , p ro to n s  
3 , 5 » and 6 a re  s h i f t e d  u p f i e l d  t o  a  g r e a te r  e x te n t  th a n  th e  2 , 9 ,
8 and 7 -p r o to n s .  T h is i s  co n so n an t w ith  a  c lo s e r  s o lv e n t  ap p ro ach  to  
th e  s id e  o p p o s ite  th e  su lfo n e  p o r t io n  o f  th e  Uir(CPD) + 2tt(TD) a d d u c t. 
T h is s o lv e n t  e f f e c t ,  which was o b se rv ed  f o r  a l l  th e  th io p h e n e  d io x id e -  
CPD a d d u c ts ,  i s  p ro b a b ly  t h e  r e s u l t  o f  th e  e l e c t r o n - r i c h  c lo u d  o f  th e  
benzene i n t e r a c t i n g  w ith  th e  p o s i t i v e  end o f  th e  v in y l  s u lfo n e  d ip o le  .
7
The r e a c t io n  o f 2 , h -d im e th y lth io p h e n e  d io x id e  w ith  c y c lo p e n ta d ie n e  
was perfo rm ed  u s in g  th e  p ro c e d u re  e s t a b l i s h e d  f o r  th e  3 , ^ - d im e th y l 
d e r iv a t iv e  and  form ed an  a d d u c t in  a  b0% y i e l d .  Due to  th e  unsymmet­
r i c a l  n a tu re  o f  th e  2 ,U -d im e th y l s u b s t i t u t i o n  o f  th e  th io p h e n e  d io x id e ,
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t h e  UitCCPDi  + 2tt(TD1 ad d u ct c o u ld  be  e i t h e r  o f  two p o s s ib le  iso m ers :
The IR e s ta b l i s h e d  th e  p re s e n c e  o f  t h e  v in y l  and s u lfo n e  f u n c t io n a l  
g ro u p s . The 1H re so n a n c e s  a t  1 ,6 8  and 1 ,865 in d ic a te d  th e  p re se n c e  
o f  b o th  s a tu r a te d  and a l l y l i c  m eth y l g ro u p s , r e s p e c t iv e ly .  When th e  
s o lv e n t  i s  changed to  b en zen e -d g , th e  a l l y l i c  m e th y l i s  s h i f t e d  u p -  
f i e l d  to  1 .0 5  b u t  t h e  s a tu r a te d  m eth y l i s  o n ly  s h i f t e d  to  l . h 6 , The 
d ra m a tic  s h i f t  o f  t h e  a l l y l i c  m e th y l a b s o r p t io n  a s  w e ll  a s  th e  22 and 
31% NOE enhancem ent o f  th e  R2 and  Ri* re so n an c es  when th e  a l l y l i c  m e th y l 
i s  i r r a d i a t e d  a re  th e  key f a c to r s  f o r  t h e  ass ig n m en t o f  s t r u c t u r e  ho to  
th e  a d d u c t. Not o n ly  i s  th e  a l l y l i c  m ethy l NOE enhancem ent56 o f  th e  Rt* 
a b s o r p t io n  l a r g e r  th a n  th e  enhancem ent e x p ec te d  f o r  s t r u c tu r e  Ul b u t  
th e  g r e a t e r  u p f i e ld  s h i f t  o f  th e  R2 a l l y l i c  m e th y l in  benzene-dg  would 
n o t be e a s i l y  r a t i o n a l i z e d  f o r  s t r u c t u r e  h i .
I n  an  a tte m p t t o  v e r i f y  t h e  s t r u c t u r a l  ass ig n m en t o f  th e  2 , 14- 
d im e th y l th io p h e n e  d io x id e  a d d u c t ,  b o th  th e  3 ,h -d im e th y l a d d u c ts  w ere 
s u b je c te d  to  s im i la r  d eu te riu m  exchange c o n d it io n s  u s in g  sodium 
d e u te ro x id e  and heavy  w a te r .  I t  was th o u g h t t h a t  th e  3 ,h -d im e th y l 
ad d u c t would in c o rp o ra te  d e u te r iu m  a t  Rg and  a ls o  show a sm a ll amount 
o f  in c o r p o r a t io n  a t  R2 * U t i l i z i n g  th e  3 ,h -d im e th y l CPD ad d u c t a s  a 
c o n t r o l ,  t h e  2 ,h -d im e th y l a d d u c t was e x p e c te d  t o  o n ly  show in c o r p o r a t io n
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a t  t h e  R2 p o s i t i o n .  H ow ever, a f t e r  2 h h r . ,  "both a d d u c ts  had  o n ly  
in c o r p o r a te d  d e u te r iu m  a t  t h e  R2 p o s i t i o n s .  Thus no d e f i n i t i v e  
e x p e r im e n ta l  v e r i f i c a t i o n  o f  t h e  2 , U -d im e th y l a d d u c t s t r u c t u r e  was 
p o s s ib l e  u n d e r  t h e s e  r e a c t i o n  c o n d i t i o n s .
A s i m i l a r  h u t  m ore d i f f i c u l t  t o  d e t e c t  re g io is o m e r is m  i s  p o s s i b l e  
f o r  th e  Utt(CPD) + 2ttCt d ) a d d u c t o f  3 - i  s o p r o p y l -  U - i  s o p r  op e ny I th i o p h  e ne 
d io x id e  and  c y c lo p e n ta d ie n e :
O S
T h is  r e a c t i o n  i s  e s p e c i a l l y  i n t e r e s t i n g  s in c e  i t  i s  t h e  m ost 
s t e r i c a l l y  crow ded  o f  a l l  t h e  th io p h e n e  d io x id e s  r e a c t e d  w i th  c y c lo ­
p e n ta d i e n e ,  and  th u s  h a s  t h e  b e s t  c h an c e  o f  f u n c t io n in g  a s  t h e  
a d d u c t w ith  c y c lo p e n ta d ie n e .  F o r  ex am p le , t h e  c y c lo p e n ta d ie n e  sy s tem  
c an  b e  s h i f t e d  from  a  2n a c c e p to r  t o  a  Uv a c c e p to r 5 0 *72  upon p o ly ­
s u b s t i t u t i o n  (T a b le  X ):
T a b le  X. E f f e c t s  o f  S u b s t i t u t i o n  on  t h e  P e r i s e l e c t i v i t y  o f  
________ th e  C y c lo p e n ta d ie n e -c y c lo p e n ta d ie n o n e  R e a c t io n .______
i f
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Table X Continued:
R3_ % uu u2 .
H H H H 100 ------
tB u H tB u H ------ 100
H tB u H H ------ 100
c f 3 c f 3 c f 3 c f 3 100 ------
Me Ph Ph Me 10 90
I n  t h e  c a s e  o f  3 , ^ - d ip h e n y l - 2 ,5 - d im e th y lc y c lo p e n ta d ie n e ,  t h e  s t e r i c  
h u lk  o f  t h e  p h e n y l and  m e th y l g ro u p s  in c r e a s e  t h e  s t e r i c  r e p u l s i o n  f o r  
a  2tt i n t e r a c t i o n  m ore th a n  a  Uir i n t e r a c t i o n .  I n  a d d i t i o n ,  t h e  p h e n y l 
and m e th y l g ro u p s  a l s o  lo w e r t h e  c h a rg e  t r a n s f e r  o v e r la p  an d  in c r e a s e  
t h e  exchange  r e p u l s io n  o v e r la p  f o r  a  2tt i n t e r a c t i o n  m ore th a n  f o r  a  Utt 
i n t e r a c t i o n ,  a n d  th u s  s h i f t  t h e  p e r i s e l e c t i v i t y  i n  t h e  c y c lo p e n ta d ie n e  
r e a c t i o n  f r o m a  27t(_CPD0) t o  ltv(CPDO).
R e a c tio n  o f  3 - is o p r o p y l- U - is o p r o p e n y l th io p h e n e  d io x id e  w i th  CPD 
f o r  38 h r .  gave  a  s in g le  a d d u c t i n  a  60% y i e l d .  The k ey  f e a t u r e s  t h a t  
a l lo w  d i f f e r e n t i a t i o n  o f  t h e  tw o p o s s ib l e  s t r u c t u r e s  a r e  th e  s a t u r a t e d  
i s o p r o p y l  m e th in e  p ro to n  and  t h e  b u ta d ie n e  f ra g m e n t o f  s t r u c t u r e  U2 . 
C om parison  o f  t h e  i s o p r o p y l  m e th in e  a b s o r p t io n  o f  th e  CPD a d d u c t a t  
2 .2 7 6  w i th  m e th in e  a b s o r p t io n  f o r  t h e  th io p h e n e  d io x o d e  a t  2 . 7U6 , 
i n d i c a t e d  an  u p f ie ld e d  s h i f t  o f  O.lj-7 ppm. A lth o u g h  t h e  d i f f e r e n c e  
i s  s l i g h t l y  s m a l le r  i n  t h e  b e n z e n e -d s ,  t h e  m e th in e  p r o to n  o f  th e  
CPD a d d u c t i s  s t i l l  f u r t h e r  u p f i e l d  o f  t h e  th io p h e n e  d io x id e  m e th in e  
p ro to n  by 0.U ppm. I n  a d d i t i o n ,  th e  R2 p r o to n  o f  t h e  CPD a d d u c t i s  
a  s i n g l e t .  H ow ever, t h e  2-H and  5-H v i n y l  p ro to n s  o f  t h e  3 - i s o p r o p y l -  
U - is o p ro p e n y lth io p h e n e  d io x id e  a r e  s p l i t  i n t o  a  d d , J  = 1 ,  2 .5  an d  d ,
J  -  2 .5 *  r e s p e c t i v e l y .  I f  t h e  CPD a d d u c t h a d  t h e  b£ s t r u c t u r e ,  th e n  a  
d o u b le t ,  J  = 1 ,  w ould  h av e  b e e n  e x p e c te d .  S t r u c t u r e  J^2 was a s s ig n e d  
t o  th e  CPD a d d u c t b a se d  on t h i s  a n a l y s i s  o f  i t s  NMR s p e c tru m .
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The IR  and  UV s p e c t r a l  d a ta  w ere  exam ined f o r  f u r t h e r  i n d i c a t io n s  
o f  th e  b u ta d ie n e  fra g m e n t in  th e  CPD a d d u c t .  The IR sp ec tru m  o f  th e  
CPD a d d u c t showed a  d o u b le t  i n  t h e  l6 0 0 -l6 5 0 cm  * r e g io n .  S in c e  none 
o f  t h e  o t h e r  a d d u c ts  e x c e p t t h e  3 -p h e n y l h ad  t h i s  much s t r u c t u r e  i n  
t h e i r  o l e f i n  a b s o r p t io n s .  I n  a d d i t i o n ,  th e  IR o f  some p o la r  b u ta d ie n e s  
d id  p o s s e s s  some f i n e  s t r u c t u r e , 73 an d  t h i s  was ta k e n  a s  f u r t h e r  
c o n f i r m a t io n  o f  s t r u c t u r e  h2 f o r  t h e  a d d u c t .  The 6 ,7 -d o u b le  bond  o f  t h e
< v  *
CPD f ra g m e n t o f  t h e  a d d u c ts  a s  w e l l  a s  t h e  i s o l a t e d  m e th y le n e  u n i t  o f  
s t r u c t u r e  U3 w ould  n o t  b e  e x p e c te d  t o  c o n t r ib u t e  v e r y  much to w a rd s  t h e  
o l e f i n  a b s o r p t io n  b e c a u se  t h e i r  d ip o le  moments a r e  v e r y  s m a ll com pared 
t o  t h e  v i n y l  o r  b u ta d ie n e  s u l f o n e .
A UV sp ec tru m  was r e c o rd e d  f o r  b o th  t h e  3 ,H -d im e th y l and 3 -  
i s o p r o p y l—U -is o p ro p e n y lth io p h e n e  d iox ide-C FD  a d d u c ts .  The 3 ,^ -  
d im e th y l CPD a d d u c t s e rv e d  a s  a  c o n t r o l  f o r  a  p o t e n t i a l  t r a n s a n n u la r  
e f f e c t  by  t h e  i s o l a t e d  d o u b le  bond  and f o r  t h e  e f f e c t  o f  3 - a lk y l  su b ­
s t i t u t i o n  on th e  v i n y l  s u l fo n e  a b s o r p t io n .  P a r t i c u l a r  a t t e n t i o n  was 
fo c u s s e d  on th e  r e g io n  b e tw een  200 - 300nm b e c a u se  U - is o p r o p e n y l- 2 ,3 -  
d ih y d ro th io p h e n e  d io x id e 75 h a s  a  ^max “  23Tnni (e  = 2 3 ,0 0 0 ) .  The 
3 , lt-d im ethy l-C FD  a d d u c t h ad  \  -  203nm (.£ = 2100) and th e  3 -
is o p ro p y l-U - is o p r o p e n y l  CPD a d d u c t h ad  a  X = £05nm (e = lUoo).
IQctX
The d a ta  w ere  i n c o n s i s t e n t  w ith  a  c o n ju g a te d  b u ta d ie n e  fra g m e n t. T h is  
o b s e r v a t io n  was th o u g h t t o  b e  t h e  r e s u l t  o f  a  n o n - p la n a r  o r i e n t a t i o n  
o f  t h e  is o p ro p e n y l  g ro u p  w hich  m in im ize s  s t e r i c  i n t e r a c t i o n  w ith  th e  
i s o p r o p y l  g ro u p . The a b se n c e  o f  an y  r e d  s h i f t  f o r  t h e  3 - i s o p r o p y l - ^ -  
is o p ro p e n y l  CPD a d d u c t im p l ie s  t h a t  th e  is o p ro p e n y l  o r i e n t a t i o n  i s  
e s s e n t i a l l y  p e r p e n d ic u la r  w ith  r e s p e c t  t o  th e  p la n e  o f  t h e  th io p h e n e
6i
d io x id e  f ra g m e n t o f  t h e  CPD a d d u c t .
I n  o r d e r  t o  f u r t h e r  exam ine th e  s t e r i c  i n t e r a c t i o n  b e tw een  th e  
3 - i s o p r o p y l -  an d  ^ - i s o p r o p e n y l  g ro u p s , t h e  UV s p e c t r a  o f  t h e  3 - i s o p r o p y l -  
k - is o p r o p e n y l  and  3 ,^ -d im e th y l th io p h e n e  d io x id e s  w ere  r e c o r d e d .  The 
3 , U -d im e th y l had  two a h s o p r t io n s  a t  220 an d  295nm w hich w ere  c o n s i s t e n t  
w i th  p r e v io u s  o b s e r v a t io n s , 7 11 The 3 - is o p ro p y l- U - is o p ro p e n y l th io p h e n e
d io x id e  a l s o  h ad  tw o a b s o r p t io n s  a t  208 a n d  260nm. N ot o n ly  i s  th e
3- i s o p r o p y l - U - is o p r o p e n y l  a b s o r p t io n  a t  2 60nm c o n s id e r a b ly  b lu e  s h i f t e d  
w ith  r e s p e c t  t o  t h e  3 sU -d im e th y l a b s o r p t io n  a t  295nm b u t  i t  i s  c lo s e r  
t o  th e  H - is o p ro p e n y l-2 , 3 -d ih y d r o th io p h e n e  d io x id e  a b s o r p t io n  (v id e  
s u p r a ) th a n  i t  i s  t o  t h e  c h a r a c t e r i s t i c  th io p h e n e  d io x id e  b an d  a t  290nm. 
The b lu e  s h i f t  im p lie s  a  d i s r u p t i o n  o f  u s u a l  th io p h e n e  d io x id e  
c o n ju g a t io n .  T h is  i s  p ro b a b ly  t h e  r e s u l t  o f  s t e r i c  r e p u l s i o n  b e tw een  
th e  3—is o p r o p y l—U—is o p ro p e n y l  w h ich  c a u s e s  an  o u t - o f —p la n e  d e fo rm a tio n  
o f  th e  th io p h e n e  d io x id e  r i n g .
x > = = \ c 
y ^  *
X X Xnm(log e)
H H —
289 nm (3 .0 9 )
CH2 ----------------- CH2 225 nm(3 • 52)
292 n m (3 .1 l)
Me Me 220 n m (3 .2 l)
295 nmC.2.3^)
i - P r  i s o p ro p e n y l  208 nm( 3 . 6 6 )
260 nm (3 .2 5 )
A lth o u g h  th e  r e a c t i o n  o f  3-c h lo ro -U -m e th o x y th io p h e n e  d io x id e
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w ith  CI^ can  a ls o  y i e l d  two p o s s ib le  UttCcPD) + 2ir(.TD) a d d u c ts . The 
ch em ica l s h i f t  o f  th e  th io p h e n e  d io x id e  2-H i s  6 .75 and th e  5-H i s  
5 .6 7 5 . S in ce  th e  ch em ica l s h i f t  d i f f e r e n c e  betw een  th e  2-H and 5-H 
o f  th e  th io p h e n e  d io x id e  i s  l a r g e ,  (l.O ppm ), th e  two p o s s ib le  ad d u c t 
s t r u c t u r e s ,  IjjS and 1+^, can be e x p ec te d  t o  show a  l a r g e  chem ica l s h i f t  
d i f f e r e n c e  f o r  th e  two d i f f e r e n t  p o s s ib le  Rg p ro to n s .
o m e
0  flie
T rea tm en t o f  3 -ch lo ro -U -m eth o x y th io p h en e  d io x id e  w ith  c y c lo p e n ta -
d ie n e  f o r  15 h r .  gave a  s in g le  a d d u c t in  65% y i e l d .  The IR spectrum
1co n firm ed  th e  ex p ec ted  s u lfo n e  g ro u p . An H NMR spectrum  o f  th e  ad d u ct 
in d ic a te d  th e  p re se n c e  o f  th r e e  o l e f i n i c  p ro to n s .  The symmetry o f  th e  
a b s o rp t io n s  a t  6 .0 3  and 6.1;55 and su b seq u en t d eco u p lin g  ex p erim en ts  
p e rm it te d  ass ig n m en t o f  th e s e  a b s o r p t io n s  to  Hg and H7 . The a b s o rp t io n  
a t  5.575 was a s s ig n e d  t o  th e  R2 o f  s t r u c t u r e  b ecau se  o f  i t s  s im i l a r ­
i t y  t o  th e  5-H a b s o rp t io n  o f  th e  th io p h e n e  d io x id e  a t  5 .675 .
The r e a c t io n  o f  th e  p a re n t  and m o n o s u b s ti tu te d  th io p h e n e  d io x id e  
d e r iv a t iv e s  p ro v id e d  a  sm all e x p e r im e n ta l c h a l le n g e .  For th e s e  
l a b i l e  d e r iv a t iv e s  i t  was im p o r ta n t to  e s t a b l i s h  t h a t  th e  r e a c t io n  
w ith  c y c lo p e n ta d ie n e  was o c c u r r in g  w ith  th e  th io p h e n e  d io x id e  and n o t 
th e  3 -b rom o-2 f3 -d ih y d ro th io p h e n e  d io x id e  (Scheme I I I ) :
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Scheme I I I
1 -H6r
SO,
-H&
H S
In  o rd e r  to  d e te rm in e  th e  amount o f  tim e  r e q u ir e d  f o r  e l im in a t io n  
under th e  r e a c t io n  c o n d i t io n s ,  t h e  e l im in a t io n s  w ere p erfo rm ed  in  a  
two s ta g e  r e a c to r  w hich was im m ersed in  a  -20°C b a th .  The r e a c to r  
was made so t h a t  th e  e l im in a t io n  c o u ld  be p e rfo rm ed  i n  th e  to p  s ta g e  
o f  th e  r e a c t o r .  When i t  was d e c id e d  t h a t  th e  e l im in a t io n  was o v e r , 
th e  triethy lam m onium  brom ide was s e p a ra te d  from th e  th io p h e n e  
d io x id e  b y  vacuum f i l t r a t i o n  , and th e  f i l t r a t e  c o n ta in in g  th e  th io p h e n e  
d io x id e  was t r a n s f e r r e d  a t  -20°C  in to  th e  bo ttom  o f  th e  r e a c to r  w hich 
c o n ta in e d  1 .5  e q u iv a le n ts  o f  c y c lo p e n ta d ie n e . When e l im in a t io n  o f  
3 ,U -d ib ro m o -te tra h y d ro th io p h e n e  d io x id e  was c a r r i e d  o u t f o r  5 h r s .  
u s in g  2 .2  e q u iv a le n ts  o f  t r i e th y l a m in e , 90% o f  t h e  t h e o r e t i c a l  amount 
o f  th e  triethy lam m onium  brom ide was re c o v e re d  and th e  Inr(CPD) + 2it(TD) 
ad d u ct (+8 was o b ta in e d  i n  65% y i e l d .
The 1H HMR spectrum  i n  CDCI3 d id  n o t r e s o lv e  th e  o l e f i n  re g io n  
v e ry  w e l l .  However, u s in g  benzene-dg  th e  ch em ica l s h i f t  d i f f e r e n c e  was
in c re a s e d  enough t o  a llo w  an unam biguous assignm en t o f  th e  o l e f i n i c  
p ro to n s .  Due t o  t h e i r  symmetry and c o u p lin g  c o n s ta n t s ,  th e  R6 and 
R7 p ro to n s  w ere e a s i l y  a s s ig n e d . The chem ical s h i f t s  o f  th e  R2 and 
R3 p ro to n s  w ere a s s ig n e d  b a se d  on th e  d eu te ro b en zen e  s o lv e n t  e f f e c t s  
as  w e ll  a s  th e  2Hz c o u p lin g  o f  Ri* to  R3 and th e  8Hz c o u p lin g  o f  Rg to  
Rj*. Thus th e  IR and NMR d a ta  ag re ed  w ith  th e  I+ttCCPD) + 2tt(TD) s t r u c ­
t u r e  in  T ab le  IX .
U sing th e  p ro c e d u re  dev e lo p ed  f o r  th e  p a re n t  sy s te m , 1 e q u iv a le n t  
o f  3-m e th y lth io p h en e  d io x id e  was g e n e ra te d  o v e r  a  1  h r .  p e r io d  and 
th e n  r e a c te d  w ith  1 .2  e q u iv a le n ts  o f  c y c lo p e n ta d ie n e . The a d d u c t was 
i s o l a t e d  in  60% y i e l d  and had an IR spec trum  c o n s i s te n t  w ith  a  
Itir(CPD) + 2ir(TD) a d d u c t. The NMR spectrum  (T ab le  IX) in d ic a te d  th e  
p re se n c e  o f  an a l l y l i c  m e th y l and th r e e  o l e f i n i c  p ro to n s .  A l l  th e s e  
o b s e rv a tio n s  w ere c o n s i s t e n t  w ith  s t r u c tu r e  U9 f o r  th e  ad d u c t and n o t 
|0  w hich would have had  fo u r  o l e f i n i c  p ro to n s  and a  s a tu r a te d  m ethy l 
g ro u p .
S im i la r ly ,  an e q u iv a le n t  o f  2 -m e th y lth io p h en e  d io x id e  was r e a c te d  
w ith  1 ,2  e q u iv a le n ts  o f  c y c lo p e n ta d ie n e  and form ed a  s in g le  ad d u ct in  
67$ y i e l d .  The p re se n c e  o f  th e  s u lfo n e  and o l e f i n  f u n c t io n a l  groups 
was e s t a b l i s h e d  by IR . The %  NMR spec trum  had a b s o rp tio n s  a t t r i b u t e d
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t o  an a l l y l i c  m ethy l a s  w e ll  a s  t h r e e  o l e f i n i c  p r o to n s .  L ik e  th e  d a ta  
f o r  th e  r e a c t io n  p ro d u c t o f  th e  3-m e th y l d e r iv a t iv e  th e s e  d a ta  w ere 
c o n s i s te n t  w ith  th e  Uir c y c lo a d d i t io n  o f  th e  c y c lo p e n ta d ie n e  a c ro s s  th e  
u n s u b s t i tu te d  double  bond o f  th e  th io p h e n e  d io x id e  to  y i e l d  th e  ad d u c t 
51 shown below :
G e n e ra tin g  1 e q u iv a le n t  o f  3 -p h e n y lth io p h e n e  d io x id e  and  th e n  
ad d in g  1 .2  e q u iv a le n ts  o f  c y c lo p e n ta d ie n e  form ed an a d d u c t in  h0% 
y i e l d .  The NMR spec trum  had  th r e e  o l e f i n i c  p ro to n  a b s o rp t io n s  as 
w e l l  a s  a b s o rp t io n s  a t t r i b u t e d  t o  and Rg p r o to n s .  These o b se rv a ­
t i o n s  a lo n g  w ith  th e  s u lfo n e  band  i n  th e  IR co n firm ed  th e  e x p ec te d  
[U + 2 ] c y c lo a d d i t io n  o f  t h e  u n s u b s t i t u te d  th io p h e n e  d io x id e  doub le  
bond to  form  th e  ^tt(CPIi) + 2ir(TD) ad d u c t 52 shown below .
The s t e r i c  e f f e c t  o f  a  s u b s t i t u e n t  on th e  r a t e  o f  a  r e a c t io n  i s  
an i n t r i n s i c  fu n c t io n  o f  i t s  s iz e  a s  w e l l  a s  i t s  d i s ta n c e  from  th e  
r e a c t in g  c e n t e r ( s ) .  Thus th e  c lo s e r  th e  b u lk y  group  i s  t o  th e  
r e a c t io n  c e n te r ,  t h e  g r e a t e r  th e  s t e r i c  r e p u ls io n  betw een  th e  two
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r e a c t in g  frag m en ts  and th e  s lo w er th e  r a t e  o f  r e a c t io n .*  T hus, i t  was 
o f  I n t e r e s t  t o  i n v e s t i g a t e  th e  s t e r i c  e f f e c t  o f  th e  s u lfo n e  oxygen 
atom s on th e  p e r i s e l e c t i v i t y  o f  th e  TD-CPD r e a c t io n .
By u s in g  a  r a t i o  o f  th e  v an  d e r  W aals r a d i i 76 ( r ^ )  t o  th e  d is ta n c e  
Cd) from C2 o r  C5, a  s t e r i c  in d e x  can  he ta b u la te d  f o r  s p i r o [ 2 , 4 ]h e p ta -  
4 ,6 -d ie n e  and  th io p h e n e  d io x id e :
Thus th e  s t e r i c  e f f e c t  o f  sw itc h in g  from  a  s p iro c y c lo p ro p y l to  a  s u l ­
fo n e  group  can b e  e v a lu a te d  m ore a n a l y t i c a l l y .  S in ce  th e  6 ,7 -b y d ro g en s 
o f  s p i r o [2 .4 ] h e p ta -U ,6 -d ie n e  p o in t  away from  th e  2 and 5 p o s i t io n s  
t h e i r  c o n t r ib u t io n  to  th e  s t e r i c  r e p u ls io n  i s  assumed to  be m inor f o r  
an endo t r a n s i t i o n  s t a t e .
A lthough  th e  van  d e r  W aals r a d i i  f o r  th e  s e r i e s  h a s  S > C > 0 , 
th e  bond le n g th  o f  C2-S  i s  lo n g e r  th a n  th e  C2-C d is ta n c e  i n  th e  s p i r o -  
c y c lo p e n ta d ie n e . Thus th e  s t e r i c  crow ding a t  th e  2 and 5 p o s i t io n s  i s  
l a r g e r  f o r  th e  s p i r o [ 2 .4 ] h e p ta - 4 ,6 - d ie n e  th a n  f o r  th e  th io p h e n e  d io x id e . 
I f  s u lfo n e  s t e r i c  f a c t o r s  a r e  im p o r ta n t in  d e te rm in in g  th e  p e r i s e l e c ­
t i v i t y ,  th e n  more o f  t h i s  CPD-TD r e a c t io n  sh o u ld  p ro c e ed  by a  4tt{TD) + 
2tt(CPD) pa thw ay .
H
S 1 .8 0
0 1 . 1*0
C 1 .7 0
^ __  r w /d ^ __  r w/d
Cij-Cj
C4-C 2
T o ta l
1 .5 1  1 .1 3  C-S
2 .6 5  0 .6 4  C-0
1 .7 7  T o ta l
1 .7 9  1 .0 1
2 .7 1  0 .5 1
1 .5 2
*An in c re a s e  in  th e  a c t i v a t i o n  en erg y  i s  th e  u s u a l  r e s u l t  o f  
s t e r i c  r e p u ls io n s .  However, i f  th e  t r a n s i t i o n  s t a t e  r e l i e v e s  s t e r i c  
I n t e r a c t io n  th e n  th e  a c t i v a t io n  energy  f o r  t h e  r e a c t io n  w i l l  be  lo w ered .
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G e n e ra tin g  X e q u iv a l e n t  o f  th io p h e n e  d io x id e  i n  THF u s in g  pow dered 
WaOH a t  -20°C  o v e r  1*25 h r .  fo l lo w e d  "by a d d i t io n  o f  s p i r o [ 2  .l ( ]h e p ta -  
l ( ,6 -d ie n e  fo rm ed a  s i n g l e  a d d u c t i n  a  60# y i e l d .  The p re s e n c e  o f  t h e  
s u l f o n e  and o l e f i n  f u n c t io n a l  g ro u p s  w e re  c o n firm e d  "by t h e i r  c h a ra c ­
t e r i s t i c  IR a b s o r p t io n s .  A lth o u g h  t h e  NMR sp ec tru m  i n  CDCI3 was n o t  
v e r y  w e l l  r e s o lv e d ,  t h e r e  w ere f o u r  o l e f i n i c  p ro to n s  i n  t h e  6- 6*5 
r e g io n  and f o u r  m e th in e  p ro to n s  i n  t h e  2-U r e g io n .  S w itc h in g  s o lv e n t s  
t o  d e u te ro b e n z e n e  r e s o lv e d  a l l  t h e  p r o to n s  and  a llo w e d  a ss ig n m e n t o f  
t h e  v a r io u s  c h e m ic a l s h i f t s .  S u b se q u e n t d e c o u p lin g  e x p e r im e n ts  
unam b ig u o u sly  e s t a b l i s h e d  th e  Utt(CPD) + 2tt(TD) s t r u c t u r e  o f  th e  a d d u c t .
R CDCI3 0 -d g
2 6 . 1(2 6 .1 0
3 6 . 1(2 5 .6 7
k 2 .8 3 3 .1 7
5 2 .5 3 1 .8 2
6 6 .0 5 5 .7 5
7 6 .3 9 6.1(7
8 3 .8 7 2 . 1(0
9 3 .8 7 3 .6 0
1 0 ,1 1 0 .5 3 0 .2 0
T h is  s tu d y  h a s  e x p lo re d  t h e  p e r i s e l e c t i v i t y  o f  t h e  th io p h e n e  
d io x id e  sy stem  to w a rd s  c y c lo p e n ta d ie n e  and h a s  shown t h a t  t h e r e  i s  a  
d e c id e d  p r e f e r e n c e  f o r  th e  ^■'rr(CPD) + 2 tt{TD) c y c lo a d d i t i o n .  A tte m p ts  t o  
s h i f t  t h e  p e r i s e l e c t i v i t y  from  a  2ir(TD) t o  a  lerr(TD) r e a c t i v i t y  to w a rd s
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c y c lo p e n ta d ie n e  w ere n o t  s u c c e s s f u l .
G a rb isch  e t  a l . 58 o b se rv ed  th e  same ty p e  o f  p e r i s e l e c t i v i t y  f o r
th e  r e a c t io n  "between v a r io u s  c y c lo p e n ta d ie n o n e s  and  c y c lo p e n ta d ie n e .
In  t h e s e  ex am p les , i t  was th e  V?r(CPD) + 2v(CPD0) c y c lo a d d u c t t h a t  was 
i s o l a t e d .  In  a d d i t i o n ,  G a rb isch  a s  w e l l  a s  o th e r s  have shown t h a t  th e  
p e r i s e l e c t i v i t y  o f  t h i s  r e a c t io n  can  be  s t e r i c a l l y  m a n ip u la te d  to  f a v o r  
th e  Utt(COPDO) + 2ir(CPD) c y c lo a d d i t io n  (v id e  s u p r a ) .  The a v a i l a b le  
co m p ariso n s betw een  th e  c y c lo p e n ta d ie n o n e  and  th io p h e n e  d io x id e  
r e a c t io n s  w ith  c y c lo p e n ta d ie n e  su g g e s t t h a t  s im i la r  fo r c e s  a r e  e f f e c t in g  
th e  p e r i s e l e c t i v i t y  o f  b o th  r e a c t i o n s .
The p r i n c i p a l  c h a rg e  t r a n s f e r  com ponents o f  th e  CPD i n t e r a c t i o n  
w ith  CPDO and TD w i l l  b e  betw een  th e  HOMO(CPD) -  LUMO(CPDO o r  TD) 
b e ca u se  th e s e  m o le c u la r  o r b i t a l s  n o t  o n ly  a r e  th e  c l o s e s t  i n  en erg y  b u t  
th e y  a l s o  have a  s u b s t a n t i a l  n e t  tw o -en d  o v e r la p .  For th e  same re a s o n s  
c i t e d  ab o v e , th e  m a jo r so u rc e  o f  c l o s e d - s h e l l  re p u ls io n *  f o r  Utt(CPD) +
2ti i n t e r a c t i o n  w ith  CPDO and TD w i l l  b e  betw een  th e  SHOMO(CPD) -  
HOMO(CPDO, TD).
#The d e s t a b i l i z i n g  c lo s e d - s h e l l  r e p u l s io n  r e s u l t s  from  th e  i n t e r ­
a c t i o n  o f  tw o f i l l e d  o r b i t a l s  0^ and  0 j , C lo s e d - s h e l l  r e p u ls io n  can  b e  
d e r iv e d  by  a p p l i c a t io n  o f  th e  v a r i a t i o n a l  m ethod to  th e  0 ^ and i n t e r ­
a c t i o n ,  The d e r iv a t io n  o f  th e  c l o s e d - s h e l l  i n t e r a c t i o n  in c lu d e s  o n ly  
t h e  u s u a l  M u llik e n  a p p ro x im a tio n  o f  th e  i n t e r a c t i o n  e lem en t ( H i j ) a s  a  
l i n e a r  f u n c t io n  o f  t h e  o v e r la p  S i j ;  Exchange r e p u ls io n  w i l l
in c r e a s e  a s  th e  o v e r la p  ( S j j ) and  th e  mean v a lu e  o f  th e  o r b i t a l  
e n e r g ie s ,  eD = (e^  + e j / 2 ) ,  i n c r e a s e .
L U M P
S '  LUMO
It S '  \
H O M O  \
?C “ 0
CPDO
S t  H O M O
S H o m o
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In  T a b le s  XI and X II b e lo w , t h e  c o e f f i c i e n t s  o f  th e  SHOMO and HOMO 
o f  th e  two c y c lo p e n ta d ie n e s  a r e  l i s t e d  w ith  t h e  HOMO and LUMO p a i r s  o f  
th e  c o rre sp o n d in g  CPDO and  TD sy s te m s . The t a b l e s  a r e  p a r t i t i o n e d  in to  
ch a rg e  t r a n s f e r  and  c lo s e d  s h e l l  r e p u l s io n  o v e r la p  f o r  each  ty p e  o f
U + 2 com plex . S in c e  th e  o r b i t a l  e n e r g ie s - o f  t h e  frag m e n ts  w i l l  n o t
change w ith  o r i e n t a t i o n ,  i t  w i l l  be  th e  d i f f e r e n c e  betw een  th e  o v e r la p s  
f o r  c h a rg e  t r a n s f e r  and th o s e  f o r  c lo s e d  s h e l l  r e p u l s io n  t h a t  w i l l  make 
one ty p e  o f  U + 2 complex m ore s t a b l e  th a n  th e  o t h e r ,  e . g . ,  liir(CPD} +
2tt (CPDO) m ore s t a b l e  th a n  Utt(CFDO) + 2tt(CPD).
G a rb isc h 58 h a s  a rg u e d  t h a t  th e  p e r i s e l e c t i v e  b e h a v io r  o b se rv e d  f o r  
th e  r e a c t io n  b e tw een  CPD and CPDO i s  due to  th e  l a r g e r  amount o f  c h a rg e  
t r a n s f e r  p o s s ib l e  f o r  th e  ltn(CPD) + 2V(CPDO) i n t e r a c t i o n .  However, t h i s  
o r i e n t a t i o n  a l s o  m in im izes  exchange r e p u ls io n  betw een  th e  tw o f ra g m e n ts . 
The o v e r la p  d i f f e r e n c e s  f o r  th e  two com plexes in  T a b le s  XI and  X II 
r e s u l t  i n  a  l a r g e r  a p p a re n t  v a r i a t i o n  o f  t h e  exchange r e p u l s io n .*  How­
e v e r ,  th e  c h a rg e  t r a n s f e r  te rm  i s  in v e r s e ly  p r o p o r t io n a l  to  th e  o r b i t a l  
en erg y  d i f f e r e n c e  betw een  th e  f i l l e d  and  v a c a n t  o r b i t a l s .  As th e  
m o le c u la r  f ra g m e n ts  d i s t o r t  to w a rd s  th e  h + 2 t r a n s i t i o n  s t a t e ,  th e  
o r b i t a l  en erg y  d i f f e r e n c e  be tw een  th e  f i l l e d  and v a c a n t  o r b i t a l s  w i l l  
d e c re a se  b u t  th e  o r b i t a l  e n e rg y  changes be tw een  th e  f i l l e d  o r b i t a l s  
o f  each  frag m e n t w i l l  be  m in o r , even  th o u g h  b o th  fra g m e n ts  w i l l  have 
t h e i r  f i l l e d  o r b i t a l s  d e s t a b i l i z e d .  Thus th e  r e s u l t s  in  th e  t a b l e  
i n d i c a t e  t h a t  b o th  ch arg e  t r a n s f e r  and  exchange r e p u l s io n  e n e r g ie s  
have a  s im i la r  s e n s i t i v i t y  to  ch an g es  i n  o r i e n t a t i o n .
*The c h a rg e  t r a n s f e r  and exchange r e p u l s io n  each  have a  d i f f e r e n t  
f u n c t io n a l  dependence on in te r m o le c u la r  o v e r la p .  Thus o n ly  th e  v a r i ­
a t i o n  o f  t h e  c h a rg e  t r a n s f e r  and  exchange r e p u l s io n  e n e r g ie s  can  be 
d i r e c t l y  com pared.
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T ab le  X I. Charge T r a n s fe r  und Exchange R ep u ls io n  f o r  th e  1+ + 2 I n t e r ­
a c t io n  o f  C y c lo p en tad ien e  w ith  C yclopen tad ienone  and T h io - 
_____________    phene D io x id e ,
.0
X = CH2 , CPD; C = 0 ,  CPDO; S02 , TD
Charge T r a n s fe r C lo se d -S h e ll R ep u lsio n
cx
Cl
c2
CPD CPDO CPD TD CPD CPDO CPD TD
0.5**
0 . 1+1
- 0 .3 6
0 .3 9
0.51+
0 . 1+1
- 0 . 1+1
0 , 1+0
.23
.51
.57
. 1+1
.23
.51
• 50 
.37
Utt-CPD
Cj -C j ' .
ca-c2'
T o ta l
0.191+
0 .2 1 1
0.1+05
0 .2 2 1
0 .2 1 6
0.1+37
0 .131
0 . 9 I+
0 .225
0 .115
0 .085
0 .2 0
2ir-CPD
C x - c r
C2-C !-
T o ta l
0.19*1
O.ll+O
0.33*+
0 .2 2 1
0 .1 6 0
0 .3 8 1
0.131
0.291
0 . 1+22
0 .115
0 .255
0 .370
AS* (l+ir-2 jr)ij 0.0565 0 . 0U58 0.1275 0 .0 9 6 9
AE* ( Utt—2 rr) - 1 . 1+8 - 1 .2 1 -2 .9 3 -2 .2 7
T ab le  X II . Charge T ra n s fe r  and Exchange R e p u ls io n  f o r  th e  *+ + 2 I n t e r ­
a c t io n  o f  S p iro T 2 .U ]h ep ta -l+ ,6 -d ie n e  w ith  C yclo p en tad ien o n e  and
Thiophene D io x id e .
X = C , S-CPD ; C = 0 ,  CPDO; S02 , TD
Charge T r a n s fe r C lo se d -S h e ll R ep u ls io n
Ci S-CPD CPDO S-CPD TD S-CPD CPDO S-CPD TD
Cl
c2
0 .57
o.l+i
- 0 .3 6
0 .3 9
0 .5 7  - 
0 . 1+1
■0 . 1+1
0 . 1+0
0 .1
0 . 1+
0 .5 7
0 . 1+1
0 .1
0 . 1+
0 .50
0.37
1+itS-CFD
C l- C i '
C i-C 2 -
T o ta l
0 .205
0 .2 2 2
0.1+27
0.231+
0 .2 2 8
0 . 1+62
0.057
O.Ol+l
0 .0 9 8
0 .05
0.037
0.0B7
2nS-CPD
c i - c r
c2-c2'
T o ta l
J.205
0 . 11+8
0 .353
0.231+
0 .1 6 8
0 . 1+02
0 .057
0 .2 2 8
0.285
0 .0 5
0 .2 0
0 .250
A S |j(l+ T T -2T r) 0.0577 0 .0 5 1 8 0 .0 7 1 6 0.051+9
A E *(l+ iT -2 ir) - 1 .5 6 - 1 . 1+1 -1 .7 3 -1 .32
* k ca l/m o l a t  S . ,  — 0 .1
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N o tic e  t h a t  th e  o v e r la p  d i f f e r e n c e s  f o r  b o th  exchange r e p u ls io n  and 
c h a rg e  t r a n s f e r  a r e  c o n s i s t e n t ly  s m a l le r  f o r  th e  th io p h e n e  d io x id e  th an  
f o r  th e  CPDO com plexes. T h is  i s  due t o  th e  s m a lle r  c o e f f i c i e n t  d i f f e r ­
en ces  betw een Cj -  C2 p o s i t io n s  o f  t h e  th io p h e n e  d io x id e  sy stem . How­
e v e r ,  th e  c h a rg e  t r a n s f e r  o v e r la p  f o r  th e  Uir i n t e r a c t i o n  o f  th e  t h i o ­
phene d io x id e  i s  l e s s  th a n  th e s e  s im p le  it fram ew ork c a lc u la t io n s  i n d i ­
c a te  b ecau se  th e  s p iro  i n t e r a c t i o n  o f  th e  oxygen o r b i t a l s  was n o t ta k e n  
in to  a c c o u n t. The a n tib o n d in g  i n t e r a c t i o n  o f  t h e  LUMO(TD) oxygen p -  
o r b i t a l  w ith  th e  ap p ro ach in g  HOMO F ig u re  1 w i l l  re d u c e  th e  n e t  charge  
t r a n s f e r  a t  th e  Cj p o s i t io n s  by 2 0 -3 0 $ .86 T h is  in  t u r n  can  be  e x p ec ted  
to  make th e  p e r i s e l e c t i v e  d i f f e r e n c e s  in  c h a rg e  t r a n s f e r  o v e r la p  com­
p a ra b le  to  th e  p e r i s e l e c t i v e  d i f f e r e n c e s  f o r  th e  CPDO sy stem . Even i f  
th e  s p iro  i n t e r a c t io n s  a re  ta k e n  in to  a c c o u n t, th e  v a r i a t i o n s  o f  th e  
c h a rg e  t r a n s f e r  and exchange r e p u ls io n  w i l l  c o n tin u e  to  have  a  compar­
a b le  s e n s i t i v i t y  tow ards th e  p e r i s e l e c t i v i t y  o f  th e  r e a c t io n .
F ig u re  1 . P r in c ip a l  c h a rg e  t r a n s f e r  i n t e r a c t i o n  betw een th io p h e n e  
d io x id e ,  LUMO(TD), and an e l e c t r o n - r i c h  e th y le n e ,  HOMO.
The id e a  o f  m axim izing c h a rg e  t r a n s f e r  and m in im iz in g  exchange 
r e p u ls io n  a llo w s  an  easy  r a t i o n a l i z a t i o n  o f  th e  CPD r e a c t io n s  w ith  3 - 
m e th o x y -lt-c h lo ro , 2 , ^ - d im e th y l - , 3 -m e th y l-  and even t o  2-m e th y l th io -
LUMO ( TD)
4
HOMO f
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phene d io x id e  r e a c t i o n  w i th  CPD. I n  t h e  c a s e  o f  th e  2 -m e th y l d e r iv a ­
t i v e ,  t h e  c h a rg e  t r a n s f e r  a p p e a re d  t o  b e  m axim ized  a t  t h e  ex p en se  o f  a  
s l i g h t  g a in  i n  exchange  r e p u l s i o n .  F o r  t h e  CPD r e a c t i o n s  w i th  3 - i s o ­
p ro p y l- U - is o p r o p e n y l -  and  3-p h e n y lth io p h e n e  d io x id e s ,  i t  w ou ld  a p p e a r  
t h a t  ex ch an g e  i s  m in im ized  a t  t h e  c o s t  o f  some c h a rg e  t r a n s f e r .
An a l t e r n a t e  r a t i o n a l i z a t i o n  o f  t h e  o b se rv e d  r e g i o s e l e c t i v i t y  f o r  
th e  2- m e th y l - ,  3 -m e th y l- ,  3 -p h e n y l-  and  3 - i s o p ro p y l- U - is o p ro p e n y l  t h i o ­
p h ene  d iox ide-C P D  a d d u c ts  i s  c e n te r e d  a ro u n d  th e  same s t e r i c  e f f e c t s  
t h a t  w ere  a p p a r e n t ly  o p e r a t i v e  i n  t h e  d im e r i z a t io n s . F o r t h e  2 -m e th y l- ,  
3 - m e th y l- ,  an d  3 -p h e n y lth io p h e n e  d io x id e  CPD a d d u c ts ,  r e a c t i o n  a c r o s s  
t h e  u n s u b s t i t u t e d  d o u b le  bond  5U in v o lv e s  l e s s  s t e r i c  c ro w d in g  th a n  
r e a c t i o n  a c r o s s  t h e  s u b s t i t u t e d  d o u b le  bond  5 3 -
I n  t h e  c a s e  o f  th e  3 - i s o p r o p y l- U - is o p r o p e n y l  a d d u c t t h e  s t e r i c  
e f f e c t  o f  t h e  is o p r o p e n y l  g ro u p  may b e  l a r g e r  th a n  th e  s t e r i c  e f f e c t  
o f  t h e  i s o p r o p y l  g ro u p . I n  a  c o n fo rm a tio n  p e r p e n d ic u la r  t o  th e  t h i o ­
phen e  d io x id e  r i n g ,  t h e  p l a n a r  i s o p ro p e n y l  group  w i l l  b e  b u l k i e r  th a n  
th e  i s o p r o p y l  g ro u p . N o t o n ly  w i l l  t h e  is o p ro p e n y l  g ro u p  p r o j e c t  b u t 
above and  b e low  th e  th io p h e n e  d io x id e  r i n g  f u r t h e r  th a n  t h e  i s o p r o p y l  
g roup  b u t  t h e  c a rb o n -c a rb o n  d o u b le  bond  o f  th e  is o p r o p e n y l  g ro u p  m akes 
i t  l e s s  f l e x i b l e  th a n  th e  i s o p r o p y l  g ro u p . Thus r e a c t i o n  a t  th e  
i s o p r o p y l  d o u b le  bond w i l l  b e  f a s t e r  th a n  r e a c t i o n  a t  t h e  is o p ro p e n y l
53 2. s v
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C H
CPD r i n g  i s  n e a r  
TD r i n g  i s  away y
F ig u re  2 . Newman p r o j e c t i o n s  f o r  second  "bond fo rm a tio n  o f  tw o p o s s ib l e  
r e g io is o m e rs  in  th e  r e a c t i o n  o f  3 - i s o p r o p y l - U - i s o p r o p e n y l -  
th io p h e n e  d io x id e  w ith  c y c lo p e n ta d ie n e .
d o u b le  bond  (F ig u re  2 ) ,
The r e s u l t s  o f  t h e  th io p h e n e  d io x id e  c y c lo a d d i t io n s  t o  CPD showed 
a  h ig h  d e g re e  o f  p e r i s e l e c t i v i t y .  The fo r m a tio n  o f  t h e  Uir(CPD) +
2ir(TD) a d d u c t c a n  b e  i n t e r p r e t e d  i n  te rm s  o f  m ax im iz in g  t h e  c h a rg e  
t r a n s f e r  an d  m in im iz in g  exchange r e p u l s io n  co m ponen ts. U sin g  a  s im p le  
o r b i t a l  m o d e l, exchange r e p u l s io n  was fo u n d  t o  b e  a s  s e n s i t i v e  a s  t h e  
c h a rg e  t r a n s f e r  t o  th e  ty p e  o f  r e a c t i o n  p a th w ay .
E x te n s io n  o f  t h e s e  id e a s  t o  t h e  v a r io u s  th io p h e n e  d io x id e  d e r i ­
v a t i v e s  r e v e a le d  o n ly  a  p a r t i a l  c o r r e l a t i o n  b e tw ee n  th e  c h a rg e  t r a n s f e r  
and  exchange  r e p u l s io n  com ponents w ith  t h e  ty p e  o f  a d d u c ts  fo rm ed .
T h ere  a p p e a re d  t o  b e  an  a d d i t i o n a l  o v e r la y  o f  s t e r i c  e f f e c t s ,  w hich  
d id  n o t  a l t e r  th e  p e r i s e l e c t i v i t y  b u t  d id  a f f e c t  t h e  r e g i o s e l e c t i v i t y  
o f  th e  Utt(.CPD) + 2it(.TD) r e a c t i o n .
7*t
P a r t  D. C y c lo a d d itio n s  o f  T hiophene D io x id es  to  1 -M e th y lcy c lo p ro p en e , 
An e x c e l le n t  s y n th e s is  o f  c y c lo h e p ta tr ie n e s  (CHT) u t i l i z i n g  th e  
[ 1* + 2 ] c y c lo a d d it io n  "between th io p h e n e  d io x id e s  and  cy clop ropene  was 
r e p o r te d  by  van T i lb o rg  e t  a l . 1*1*
1a
s o .
i
$
k
5
6
7
8
9c10°
l l c
a
a_
H
Me 
Me 
Me
t-B u  
t-B u  
t-E u  
Ph 
Me 
Me 
t-B u
AHj = 28 ± 2 k j /m o l . 
^AH = 2 7 , AS? = -1 9 7 . 
'No r e a c t io n .
C
01f
H
Me
Me
Me
H
t-B u
H
Ph
Me
Me
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H
H
H
H
t-B u
H
t-B u
H
H
H
H
Me
H
H
Me
H
H
Me
H
Me
H
Me
H H 
H H 
Me H 
H H 
H H 
Me H 
H H 
H H 
Me Me 
Me Me 
H H
AS^ = 2lU ± 10 J/K /m ol
The r e s u l t s  o f t h e i r  s tu d y  in d ic a te d  t h a t  th e  f a c i l e  r e a c t io n  was 
s e n s i t i v e  to  s t e r i c  e f f e c t s .  T h e ir  o n ly  p ro b e  o f  t h e  r e g i o s e l e c t i v i t y  
f o r  t h i s  c y c lo a d d i t io n  was th e  r e a c t io n  betw een 1-m e th y lcy c lo p ro p en e  
and 2 , l t - d i - t - b u ty l th io p h e n e  d io x id e :
-6 -Bm
s o ,
The v an  T ilb o rg  s tu d y , f o r  th e  m ost p a r t ,  in v o lv e d  o n ly  th e  s t a b l e
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monomeric th io p h e n e  d io x id e s  and was in te n d e d  more as  a  s y n th e t ic  
su rv ey  th a n  a  p h y s ic a l  o rg a n ic  in v e s t ig a t i o n .
The s tu d y  re p o r te d  h e re  was d e s ig n e d  t o  e x p lo re  th e  r e g io s e l e c -  
t i v i t y  o f  t h i s  [^ + 2] r e a c t io n .  The th io p h e n e  d io x id e s  u sed  in  t h i s  
in v e s t ig a t io n  a r e  shown below :
b
J >
C
+
b
a.
A B C_ 55+5:56±5
1 H Me H 5 8 :U2
2 Me H H 53 :i*T
3 H i-p r o p e n y l i - P r 67:33
k H Cl OMe 8 0 :2 0
r e
The HMR d a ta  o f  th e  c y c lo h e p ta t r ie n e s  a re  c o l le c te d  in  T ab le  
X III  below :
Table X III. NMR o f C yclohep tatrienes.
2
Chemical S h if ts
1 2 3 1* 5 6 7 J s t (Hs)
i a Me1.90 5.03
Me
2 .0 6.23 6.05 5.32 2.31
Ji*s=6, J seb5 
J b7“7
i a Me1.95 5.87 6 .26
Me
2.0 5.97 5 .3  6 2.3
J 23=6, J s6b1° 
Je7=7
2a Me1.80 5.90 6.38 6.38
Me
2.0 5.18 2.25 J 67=7
2a Me1.85
Me
1.98 6 .5 6.37 6.09 5.*8 2.20
J3*t=l l » J mS°5
J56-10, J67“7
3* Me1.03 5.97
1-propenyl 
1.80 
1* .86 
5 .0
I -P r
1.1U
3.07
6.0* 5.33 2.1* J56“10, J 67-7
3* Me1.79 5.81*
i - P r
1.1*
3.05
1-propenyl
U.86
5.0
6.13 5.*1 2.1* J 56“10 . j 67“T
l*b Me1.57 5.61*
Cl MeO
3.33 6.3 * .'97 2.07 JS6n9 .5 ,  J67“’
* b Me1.57 6.12
MeO
3.33
Cl
5.82 5.18 2 .06 J5 6 -9 .5 , J67b'
a) CDC13 
t>) Benzene-dg
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U t i l i z i n g  th e  p ro c e d u re s  and te c h n iq u e s  dev e lo p ed  f o r  th e  r e a c t io n s  
w ith  c y c lo p e n ta d ie n e , 3 -m e th y lth io p h en e  d io x id e  was g e n e ra te d  a t  -20°C , 
c o o led  to  - 65° C so t h a t  t h e  1 -m e tb y lcy c lo p ro p en e  c o u ld  he  condensed in to  
th e  f l a s k .  A f te r  workup th e  c y c lo h e p ta tr ie n e  ad d u c ts  w ere i s o l a t e d  i n  a  
€0% y i e l d .  A lthough th e  IR spectrum  o f  th e  p ro d u c ts  d id  n o t have any 
s u lfo n e  a b s o r p t io n s ,  I t  d id  have th e  o l e f i n  a b s o rp tio n  b a n d s . The 
NMR spec trum  in  CDCI3 d id  n o t have any a b s o rp tio n s  t h a t  c o u ld  be a t t r i b ­
u te d  to  a  c y c lo p ro p y l g ro u p , b u t i t  d id  in d ic a te  th e  p re se n c e  o f  two
a l l y l i c  m e th y ls  a t  1 .9 7 ,  2 .0 6 , th e  c h a r a c t e r i s t i c  CHT m eth y len e  a b so rp ­
t i o n  a t  2 . 36ppm and a  com plex o l e f i n  re g io n  from  5*3 t o  6 .3 5 . The
o le f in  re g io n  was n o t c l e a r l y  re s o lv e d  i n  CDC1 3 , and so th e  s o lv e n t  was
changed to  b en zen e -d g . A t 200MHz, th e  o l e f i n i c  re g io n  was co m p le te ly  
r e s o lv e d  (T ab le  X I I I ) and v e r i f i e d  th e  p re se n c e  o f  two iso m e rs . 
S e p a ra tio n  by  VFC and com parison  w ith  th e  l i t e r a t u r e 0 9 ’90 NMR s p e c t r a  
f o r  th e s e  compounds e s t a b l i s h e d  t h a t  t h e  m ajo r isom er was 1 , 3-d im e th y l-  
c y c lo h e p ta t r ie n e  and th e  m inor isom er was l , i j —d im e th y lc y c lo h e p ta tr ie n e  
i n  a  r a t i o  o f  58 ± 5 :^2  ± 5 .
The im p o rta n t d i f f e r e n c e  betw een th e  two s t r u c tu r e s  JjJ and §8 
i s  th e  H2 a b s o r p t io n .  The H2 o f  th e  1 ,3 -d im e th y l CHT w i l l  be  a  s i n g l e t  
w ith  m inor a l l y l i c  c o u p lin g s , w hereas H2 o f  t h e  l ,U -d im e th y l  CHT w i l l  
b e  a  d o u b le t co u p led  t o  H3 , In  a d d i t io n ,  th e  chem ical s h i f t  o f  H2 ( l » 3 ) 
sh o u ld  b e  u p f ie ld  o f  H2 ( l ,M  becau se  th e  H2 ( l , 3 ) p ro to n  i s  s h ie ld e d  
by one m eth y l group w hereas H2 (l» M  i s  n o t s h ie ld e d  by  a  m eth y l g roup
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E xam ina tion  o f  T ab le  X II I  shows t h a t  H2 ( l , 3 ) i s  a  s i n g l e t  a t  5 .836  and 
H2 ( l ,10  i s  a  d o u b le t ,  J  = 6Hz a t  5 . 8 7 6 .
The r e a c t io n  o f  2 -m e th y lth io p h en e  d io x id e  w ith  1 -m e th y lcy c lo p ro p en e  
u s in g  th e  c o n d it io n s  d e s c r ib e d  above gave an ad d u ct i n  55$ y i e l d .  The 
NMR sp ec tru m  in  d e u te ro c h lo ro fo rm  was c o n s i s te n t  w ith  a  d im e th y lc y c lo -  
h e p ta t r i e n e  b u t ,  a g a in , t h e  r e s o lu t io n  was n o t l a r g e  enough to  a llo w  an 
unam biguous ass ig n m en t o f  th e  v in y l  p ro to n  chem ical s h i f t s .  E xam ination  
o f  th e  NMR in  benzene-dg  r e s o lv e s  c o m p le te ly  th e  o l e f i n i c  re g io n  and 
a llow ed  a ss ig n m en t o f  th e  isom ers (T ab le  X I I I ) .  I n  t h i s  c a s e ,  th e  Hg 
a b s o rp tio n s  o f  th e  1 , 2-dim ethyl-CH T and 1 , 5-6im ethyl-CH T a re  th e  d i s t i n ­
g u ish in g  f e a tu r e s  in  th e  NMR s p e c t r a  o f  t h e  two compounds. F o r th e  1 ,2 -  
dim ethyl-C H T, H g ( l ,2 )  w i l l  b e  s i g n i f i c a n t l y  co u p led  to  Hg and H7 b u t  
H g ( l ,5 )  w i l l  o n ly  be c o u p led  to  th e  H7 p ro to n s .  For H g ( l ,5 ) ,  th e  
s h ie ld in g  by th e  6-m e th y l w i l l  s h i f t  t h e  H g ( l,5 )  a b s o r p t io n  u p f ie ld  o f  
th e  H g ( l ,2 )  a b s o r p t io n .  A gain , e x am in a tio n  o f  th e  NMR spectrum  shows 
t h a t  Eg( 1 ,5 )  a t  5 .186  i s  a  d o u b le t w ith  J  = 7 and H g ( l ,2 ) a t  5-^65 i s  
a  d o u b le t o f  d o u b le ts  w ith  J  = 7 , 1 0 . S e p a ra tio n  by  VFC and com parison  
w ith  th e  l i t e r a t u r e  s p e c t r a 8 9 ’90 f o r  th e  two iso m e rs , 52 an^ §0 , s h°v e ^ 
th e  m ajo r iso m er to  be t h e  1 , 2-d im e th y lc y c lo h e p ta tr ie n e  and th e  m inor 
isom er th e  1 , 5-d im e th y lc y c lo h e p ta tr ie n e  i n  a  r a t i o  53 ± 5 :^7  ± 5:
The la c k  o f  r e g i o s e l e c t i v i t y  o b se rv ed  in  th e s e  r e a c t io n s  and th e  
e x p e c ta t io n  t h a t  th e  e l e c t r o n i c  e f f e c t s  o f  t e r t - b u t y l  and m eth y l g roups 
w i l l  b e  e s s e n t i a l l y  th e  sam e, i n d i c a t e  t h a t  van  T i lb o r g ’ s  r e g io s e le c -
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t i v e  r e s u l t s  w ith  2 , U -d i- t e r t - b u ty l- th io u h e n e  d io x id e  a re  due to  s t e r i c  
e f f e c t s .  The f a i l u r e  to  o b serv e  any s i g n i f i c a n t  r e g i o s e l e c t i v i t y  i n  th e  
m e th y lth io p h e n e  d io x id e  r e a c t io n s  c o u ld  h e  th e  r e s u l t  o f  th e  m ethy l 
g ro u p 's  sm a ll p o l a r i z a t i o n  o f  th e  HOMO-LUMO c o e f f i c i e n t s ,  a t  th e  2 -  
and 5- p o s i t io n s  on th e  th io p h e n e  d io x id e  and e y c lo p ro p e n e , a n d /o r 
b e ca u se  th e  t r a n s i t i o n  s t a t e  f o r  t h i s  [U + 2 ] r e a c t io n  i s  so e a r ly ,  due 
t o  th e  r e a c t i v i t y  o f  th e  e y c lo p ro p en e , t h a t  p o la r i z a t io n  o f  th e  ir fram e­
work does n o t h ave  a  s i g n i f i c a n t  e f f e c t  on th e  r e g i o s e l e c t i v i t y  o f  t h i s  
r e a c t i o n .  T hus, s u b s t i t u e n t s  w ere so u g h t w hich would in c re a s e  th e  
th io p h e n e  d io x id e  HOMO-LUMO c o e f f i c i e n t  p o l a r i z a t i o n  so  t h a t  th e s e  
id e a s  c o u ld  be  e x p lo re d . I f  th e  la c k  o f  r e g i o s e l e c t i v i t y  f o r  th e s e  
m e th y lth io p h e n e  d io x id e  r e a c t io n s  i s  due t o  th e  h ig h  r e a c t i v i t y  o f  
t h e  e y c lo p ro p e n e , th e n  th e  p ro d u c t d i s t r i b u t i o n s  o f  th e  more p o la r iz e d  
th io p h e n e  d io x id e s  sh o u ld  a ls o  show low  r e g i o s e l e c t i v i t y .
R e a c tio n  o f 3 - is o p ro p y l-U - is o p ro p e n y lth io p h e n e  d io x id e  w ith  1 -  
m e th y lcy c lo p ro p en e  o f f e r s  a  p ro b e  o f  b o th  r e g io -  and p e r i s e l e c t i v i t y .  
T here  a r e  fo u r  p o t e n t i a l  iso m e ric  a d d u c ts  t h a t  co u ld  b e  i s o l a t e d  from! 
t h i s  r e a c t i o n ,  two c y c lo h e p ta t r ie n e s  and  two t r i c y c l i c  compounds:
Rl ^2
a  H Me
b Me H
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The 3 - iso p ro p y l-U - is o p ro p e n y lth io p h e n e  d io x id e  was condensed  w ith
1 -m e th y lcy c lo p ro p en e  a t  -65°C in  THF. The s o lv e n t  was e v a p o ra te d , and
th e  c ru d e  m a te r ia l  was ch rom atographed  th ro u g h  a  s h o r t  a lum ina  column
to  g iv e  an ad d u c t m ix tu re  in  B0% y i e l d .  The IR sp ec tru m  had no s u lfo n e
a b s o r p t io n  h a n d s . A lthough  th e  *11 NMR spectrum  d id  n o t have any r e s o f
nances t h a t  co u ld  b e  a t t r i b u t e d  t o  cy c lo p ro p an e  hydrogens i t  d id  have
re so n a n c e s  a t  1 . 8 8 , ^ . 8 6 , and 5 .0 6 , w hich im p lie d  t h a t  th e  is o p ro p e n y l
group  was p r e s e n t  in  th e  a d d u c ts .  The d o u b le t a t  2 . k S , th e  a l l y l i c
m e th y l re so n a n c e s  a t  1 . 80- 1 .8 8 6  and th e  complex o l e f i n i c  p a t t e r n  from
U.8 6  to  6 .26  in d ic a te d  th e  fo rm a tio n  o f  th e  c y c lo h e p ta t r ie n e  s k e le to n .
The ad d u c t m ix tu re  was s e p a ra te d  by VPC, The NMR spectrum  o f  th e
m ajo r isom er showed H , re so n a n c e s  a t  5*98 and 6 .0U 6. The m inor isom er
c - d
had H . a b s o rp tio n s  a t  5.8U and 6 .1 3 5 : c—a
The key t o  a s s ig n in g  th e  s t r u c t u r e s  6l a  and 6l b  t o  th e  two isom ers i s  
d e c id in g  which v in y l  p ro to n ,  Hc o r  sh o u ld  r e s o n a te  f a r t h e s t  down- 
f i e l d .
A lthough  th e  e f f e c t  o f  th e  a lk y l  group c o u ld  b e  s l i g h t l y  d e s h ie ld in g  
on th e  6- v in y l  p r o to n ,  H^, th e  v in y l  group h a s  a  docum ented92 d e s h ie ld in g  
e f f e c t  on th e  6- v in y l  h y d ro g e n s , Hc . A lthough Ec w i l l  ab so rb  d o w n fie ld  
o f  th e  a d d i t io n a l  e f f e c t  o f  t h e  a l l y l i c  m eth y l g roup  w i l l  f u r t h e r  
c o m p lic a te  th e  ch em ica l s h i f t  o f  th e s e  two p ro to n s  b ecau se  th e  m agni­
tu d e s  o f  th e  combined m eth y l e f f e c t s  a re  u n c e r ta in .
80
I n  o r d e r  t o  a s s ig n  t h e  s t r u c t u r e s  6 l a  o r  6l b  t o  t h e  s p e c t r a ,  a  
c o m p ariso n  was made w ith  th e  1 , 3- d im e tb y lc y c lo h e p ta t r i e n e  t h a t  h ad  b e e n  
i s o l a t e d  i n  a  p r e v io u s  r e a c t i o n .  I f  t h e  i s o p r o p y l  e f f e c t  on  th e  c h e m ic a l 
s h i f t  i s  assum ed t o  b e  a p p ro x im a te ly  e q u iv a le n t  t o  t h e  e f f e c t  o f  a  m e th y l 
g ro u p , and assum ing  t h a t  t h e  is o p r o p e n y l  g ro u p  h a s  l i t t l e  o r  no e f f e c t  on 
th e  c h e m ic a l s h i f t ,  th e n  th e  H2 c h e m ic a l s h i f t  ton th e  l - m e t h y l - 3~ is o -  
p ro p y l  iso m er sh o u ld  b e  c lo s e  t o  t h e  H2 c h em ica l s h i f t  o f  1 , 3 - d im e th y l -  
c y e lo h e p ta t r i e n e  a t  5*835. The m in o r  h a s  an  a b s o r p t io n  a t  5 . 8U6 . I f  
t h i s  s i n g l e t  i s  a s s ig n e d  t o  t h e  H2 o f  th e  m in o r i s o m e r ,  th e n  H2 o f  t h e  
m a jo r  iso m e r m ust b e  t h e  d o u b le t  a t  6 .OU6 . The H5 re s o n a n c e  o f  t h e  1 ,3 -  
d im e th y lc y c lo h e p ta t r i e n e  was a t  6 .0 5 6  an d  th e  H5 o f  th e  m ino r iso m e r 
o c c u rs  a t  6 .1 3 6 . The s l i g h t l y  l a r g e r  am ount o f  t h e  v in y l  d e s h ie ld in g  
e f f e c t  I s  c o n s i s t e n t  w i th  t h e  d e s h ie ld in g  e f f e c t  r e p o r t e d  by M a tte r  
e t  a l . 92 Thus t h e  m a jo r iso m er i s  a s s ig n e d  to  s t r u c t u r e  6 lb  and  th e  
m in o r t o  6 l a  i n  a  r a t i o  o f  67  ± 5 :3 3  ± 5.
The r e a c t i o n  o f  t h e  3 -c h lo ro -U -m e th o x y th io p h e n e  d io x id e  w i th  1 -  
m e th y lc y c lo p ro p e n e  was p e rfo rm ed  u n d e r  c o n d i t io n s  s i m i l a r  to  th o s e  u se d  
f o r  t h e  3 - i s o p r o p y l- U - is o p r o p e n y l  th io p h e n e  d io x id e  r e a c t i o n .  A f te r  
w orkup an d  ch ro m ato g rap h y  an  o i l  w as I s o l a t e d  i n  7 0 % y i e l d .  T h is  p r o ­
d u c t  m ix tu r e  decom posed r a p i d l y  u p o n  s ta n d in g  i n  t h e  open a i r .  The IR 
sp e c tru m  h a d  th e  c h a r a c t e r i s t i c  o l e f i n  a b s o r p t io n s  u n c o n ta m in a te d  by  
s u l f o n e  b a n d s . The *11 KMR sp e c tru m  i n  b en zen e -d g  showed th e  p re s e n c e  o f  
tw o d o u b le ts  a t  2 .0 7 6 , two a l l y l i c  m e th y l a b s o r p t io n s  n e a r  1 .  5T6 a s  w e l l  
a s  a  r e s o lv e d  o l e f i n  r e g io n  w h ich  a l l  to g e th e r  i n d i c a t e d  th e  fo rm a tio n  
o f  tw o is o m e r ic  c y c lo h e p ta t r i e n e  s k e l e t o n s ;
S e p a ra tio n  o f  th e  two iso m ers  hy VFC and subsequen t*  H HMR in  ben-
zene-dc shoved t h a t  th e  m a jo r isom er had  H , re so n a n c e s  a t  5 .66  andc -d
6 .2 3 6 , w h ile  th e  m inor had  Hc _^ re so n an c es  a t  6 .0 5  and 5 . 8 2 6 .
The f i r s t  s te p  in  a s s ig n in g  th e  s t r u c tu r e  o f  th e  two isom ers was 
t o  d e c id e  how th e  m ethoxy and c h lo r in e  s u b s t i t u e n t s  would e f f e c t  t h e i r  
r e s p e c t iv e  S -v in y l p ro to n s  Hc and H^.
S in ce  th e  e l e c t r o n e g a t iv i t y  o f  th e  methoxy and c h lo r in e  s u b s t i t u ­
e n ts  a re  n e a r ly  i d e n t i c a l ,  t h i s  w i l l  n o t  make th e  ch em ica l s h i f t  o f  Hc 
v e ry  d i f f e r e n t  from H^. However, th e  C-Cl bond le n g th  i s  1 .7 8  and
p la c e  th e  m ethoxy group c lo s e r  t o  Hc th a n  th e  c h lo r in e  i s  t o  H^, and
S in ce  th e  a l l y l i c  m ethy l group  i s  e le c t r o n  d o n a tin g , t h i s  w i l l  
cause  a  s h ie ld in g  o f  p -v in y l  p r o to n s .  In  s t r u c t u r e  63b th e  m ethy l and
th e  n e g l ig ib le  e f f e c t l l t5 o f  t h e 'c h l o r i n e  on sh o u ld  be dom inated  by th e  
s h ie ld in g  e f f e c t  o f  th e  a l l y l i c  m ethy l g ro u p . Thus i n  63b, th e  Hc and 
H, chem ical s h i f t s  w i l l  b e  c lo s e r  th a n  th e  H and H, chem ica l s h i f t s
th e  C-0 bond le n g th  i s  I . 36A . 91 The s h o r t e r  C-0 bond le n g th  w i l l
cause  Hc t o  b e  d e sh ie ld e d 92 t o  a  much l a r g e r  e x te n t  th a n  H^.
methoxy group  e x e r t  o p p osing  e f f e c t s  on H . However, in  s t r u c t u r e  63a
c
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o f  6 3 a . I n  a d d i t io n ,  t h e  H i n  63a s h o u ld  h e  d o w n fie ld  o f  t h e  H 
a b s o r p t io n  i n  §3b and o f  6 3 a  sh o u ld  b e  u p f i e l d  o f  t h e  a b s o r p t io n  
in  s t r u c t u r e  §3b .
A p p ly in g  th e  id e a s  d e v e lo p e d  above t o  th e  m a jo r  and m in o r iso m er 
r e s o n a n c e s  l e a d s  t o  th e  a s s ig n m e n t o f  s t r u c t u r e  63a  ( 3 -c h lo ro -^ -m e th o x y -
1 - m e th y l ) t o  t h e  m ajor is o m e r  and 63b (U -c h lo ro - 3 -m e th o x y -l-m e th y l )  f o r  
t h e  m in o r is o m e r . The 6 3 a :6 3 b  r a t i o  o f  83 ± 5 :1 7  ± 5 , i s  t h e  h ig h e s t  
d e g re e  o f  r e g i o s e l e c t i v i t y  o b se rv e d  f o r  t h e  s e r i e s  o f  th io p h e n e  d io x id e s  
r e p o r t e d  h e r e .
The r e s u l t s  o f  th e  1+tt + 2ir c y c lo a d d i t io n  r e a c t i o n s  b e tw ee n  1 -m e th y l-  
c y c lo p ro p e n e  and th e  th io p h e n e  d io x id e s  s tu d ie d  h e r e  i n d i c a t e  t h a t  1 -  
m e th y c y c lo p ro p en e  i s  a  r e a c t i v e ,  b u t  n o t  c o m p le te ly  i n d i s c r im in a n t ,  
s p e c i e s . I n c r e a s in g  th e  p e r t u r b a t i o n  o f  t h e  th io p h e n e  d io x id e  fram e­
w ork w ith  d e r iv a t iv e s  s u c h  a s  3 - i s o p r o p y l - ^ - i s o p r o p e n y l th io p h e n e  d io x id e  
and  3 -c h lo ro -U -m e th o x y th io p h e n e  d io x id e  a l s o  in c r e a s e s  t h e  r e g i o s e l e c ­
t i v i t y .  B u t t h e  re a so n s  f o r  t h i s  in c r e a s e d  r e g i o s e l e c t i v i t y  rem a in  
q u i t e  e l u s i v e .
T h e re  was no o b v io u s  c o r r e l a t i o n  b e tw een  t h e  f r o n t i e r  o r b i t a l  
c o e f f i c i e n t s  an d  th e  r e g i o s e l e c t i v i t y  o b se rv e d  f o r  t h e s e  [U + 2 ] c y c lo -  
a d d i t i o n s .  A lthough  t h e  f r o n t i e r  o r b i t a l  c o e f f i c i e n t  p o l a r i z a t i o n  in  
t h e  3 - iB o p ro p y l-U - is o p ro p e n y l and  3 -c h lo ro -U -m e th o x y  d e r i v a t i v e s  
(T a b le  V I I I ) w ere  s i z a b l e ,  t h e  c o e f f i c i e n t  p o l a r i z a t i o n s  o f  th e  HOMO 
an d  LUMO f o r  l -m e th y lc y c lo p ro p e n e 96c a r e  s m a ll  a t  b e s t  (T a b le  V I I I ) .
T h is  i n  t u r n  means t h a t  r e a c t i v i t y  m o d e ls  b a se d  on t h e  am ount o f  o v e r la p  
b e tw ee n  th e  th io p h e n e  d i o x i d e  and  e y c lo p ro p e n e  f ra g m e n ts  ( e . g . ,  c h a rg e  
t r a n s f e r  and  exchange r e p u l s i o n )  w i l l  n o t  y i e l d  d e c i s iv e  e n e r g e t i c  
d i f f e r e n c e s  betw een  th e  v a r i o u s  r e g io i s o m e r s . T h u s , f o r c e s
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in  th e  D ie ls - A ld e r  r e a c t io n  w hich  a r e  u s u a l l y  more s u b o rd in a te  t o  th e  
e le c t r o n i c  i n t e r a c t i o n s  now a r e  t h e  d o m in a tin g  in f lu e n c e s  on th e  
r  eg i o s e l e  c t  i v i t y .
The t r a n s i t i o n  s t a t e s  f o r  th e  1 -m e th y lc y c lo p ro p e n e  c y c lo a d d i t io n s  
a re  assum ed t o  be enflo, b a s e d  on th e  c y c lo p e n ta d ie n e  a d d u c ts  and from  
th e  e x a m in a tio n  o f  m o le c u la r  m o d e ls . A t an  in te r f r a g m e n t  d is ta n c e  o f  
2 . 5 - 3 . o£ t h e  exo o r i e n t a t i o n  w i l l  p la c e  t h e  oxygens o f  t h e  th io p h e n e  
d io x id e  and  th e  m eth y len e  p r o to n  o f  th e  e y c lo p ro p en e  w e l l  w i th in  t h e i r  
r e s p e c t iv e  v a n  d e r  W aals r a d i i .^ ®
E x am in a tio n  o f  th e  r e p u l s iv e  s t e r i c  i n t e r a c t i o n s  f o r  an unsym- 
m e t r ic a l  c y c lo a d d i t io n  o f  t h e  e y c lo p ro p e n e , n e c e s s i t a t e s  th e  c o n s id ­
e r a t io n  o f  m ore advanced b o n d in g  a t  e i t h e r  th e  1 -  o r  2- p o s i t i o n  o f  th e
1 -m e th y lc y c lo p ro p e n e . In  t h i s  c a s e ,  s t e r i c  r e p u ls io n  b e tw een  th e  
th io p h e n e  d io x id e  frag m en t and th e  m e th y l group  o f  t h e  e y c lo p ro p en e  
would b e  m in im ized  i f  t h e  th io p h e n e  d io x id e  i n t e r a c t s  m ore w ith  th e
2- p o s i t i o n  6Ub th a n  w ith  t h e  1 - p o s i t i o n ,  6Ua o f  th e  e y c lo p ro p e n e :
T
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The 2—p o s i t i o n  o f  t h e  ey c lo p ro p en e  c an  a t t a c k  th e  2 -  o r  5 - p o s i t io n  
o f  th e  th io p h e n e  d io x id e  t o  g iv e  th e  com plexes §5a  and 6 jjb shown as 
Newman p r o j e c t io n s  below :
T h is  ty p e  o f  m odel w i l l  r a t i o n a l i z e  th e  r e g i o s e l e c t i v i t y  o b se rv e d  
f o r  th e  3 - is o p r o p y l- l t - i s o p r o p e n y l  th io p h e n e  d io x id e  (X = i-P r , Y =i- 
p ro p e n e , Z=H). I n  t h i s  l a t t e r  exam ple , com plex a  i s  l e s s  s t a b l e  
b e c a u se  th e  is o p ro p e n y l e x e r t s  m ore s t e r i c  r e p u l s io n  a t  t h e  5- p o s i t i o n  
th a n  th e  is o p ro p y l  does a t  t h e  2- p a s i t i o n  due t o  t h e  n o n -p la n a r  con­
fo rm a tio n  o f  t h e  is o p ro p e n y l g ro u p . However, a p p l i c a t i o n  o f  t h i s  
s t e r i c  m odel to  t h e  1 -m e th y lc y c lo p ro p e n e  r e a c t i o n  w ith  3 -c h lo ro - l j— 
m eth o x y th io p h en e  d io x id e  p r e d i c t s  t h e  wrong p ro d u c t .  I n  t h i s  c a s e  t h e  
m ethoxy i s  t h e  b u l k i e r  g ro u p , so t h a t  th e  com plex §5b (X=C1, Y=MeO-, 
Z=H) i s  l e s s  s t e r i c a l l y  h in d e re d  th a n  com plex §|jja. E x p e r im e n ta l ly , 
th e  re g io is o m e rs  a r e  80$ from  com plex 6 |ja and  20$ from  com plex 6 §b.
The f a i l u r e  o f  t h e  s t e r i c  m odel i s  a l s o  e v id e n t  f o r  t h e  r e a c t io n  o f  th e
2 -m e th y lth io p h e n e  d io x id e  w ith  1 -m e th y lc y c lo p ro p e n e . S t e r i c  r e p u ls io n  
i n  t h e  2 -m e th y l r e a c t i o n  sh o u ld  b e  l a r g e r  th a n  th e  s t e r i c  i n t e r a c t i o n s  
f o r  t h e  3 -m e th y lth io p h e n e  d io x id e  r e a c t i o n  and t h i s  sh o u ld  make th e  2 -  
m e th y l r e a c t i o n  m ore r e g i o s e l e c t i v e  th a n  th e  3 -m e th y lth io p h e n e  d io x id e  
r e a c t i o n  w ith  1 -m e th y lc y c lo p ro p e n e . However, t h i s  i s  n o t  o b se rv e d .
The l a c k  o f  any  o b v io u s  s t r u c t u r a l  c o r r e l a t i o n  i s  p u z z l in g .
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Thus a  few m ore e x p e r im e n ts , p r e f e r a b ly  w ith  a  m ore p o la r  c y c lo p ro p e n e , 
w i l l  he  n eed ed  i n  o rd e r  t o  f u l l y  com prehend t h e  r e s u l t s  o f  t h i s  s tu d y .
8 6
F a r t  E. A ttem p ted  Thioyhene  D io x id e  C y c lo a d d itio n  .R e a c tio n s .
T h is  l a s t  s e c t i o n  i s  a  "b rie f  c o m p ila tio n  o f  a  few  a tte m p te d  
[1+ + 2] c y c lo a d d i t io n  r e a c t io n s  t h a t  f a i l e d .  T hese r e a c t io n s  a re  
im p o r ta n t "because th e y  a r e  e x p e r im e n ta l  p ro b e s  o f  t h e  r a t h e r  u n re a c ­
t i v e  n a tu re  o f  t h e  th io p h e n e  d io x id e  system  to w a rd s  e l e c t r o n - r i c h  
d ie n o p h i le s .  T hese a r e  n o t j u s t  i s o l a t e d  exam ples b u t  a r e  t h e  r e s u l t  
o f  a  more g e n e r a l  p r o p e r ty  o f  t h e  th io p h e n e  d io x id e  sy stem .
R e a c tio n  o f  t h e  e th y l  v in y l  e t h e r  w ith  3 - e th y l th io p h e n e  d io x id e  
was a tte m p te d  u n d e r  s e v e r a l  d i f f e r e n t  ty p e s  o f  c o n d i t io n s .  Due t o  th e  
e x p e c te d  a c id  s e n s i t i v i t y  o f  th e  e th y l  v in y l  e t h e r ,  t h e  th io p h e n e  
d io x id e  was g e n e r a te d  a t  U°C and th e n  f i l t e r e d  i n t o  6 e q u iv a le n ts  o f  
e th y l  v in y l  e t h e r  t o  remove m ost o f  t h e  trie th y lam m o n iu m  b ro m id e . Only 
d im er o f  th e  3 -e th y l th io p h e n e  d io x id e  was i s o l a t e d  a f t e r  12 h r .  a t  25°C:
N ex t, one e q u iv a le n t  o f  t h e  th io p h e n e  d io x id e  was g e n e ra te d  i n  20 
e q u iv a le n ts  o f  e t h y l  v in y l  e t h e r , i n  a  f e e b le  a t te m p t  to  t r a p  th e  
th io p h e n e  d io x id e .  T h is  was a l s o  u n s u c c e s s fu l  an d  o n ly  d im er was 
i s o l a t e d .  The f i n a l  a t te m p t in v o lv e d  th e  slow  a d d i t io n  o f  t h e  3 ,U - 
d ib rom o-3- e th y l te t r a h y d r o th io p h e n e  d io x id e  i n  c h lo ro fo rm  t o  a  
r e f lu x in g  s o lu t io n  o f  e q u iv a le n ts  o f  p y r id in e  and  e th y l  v in y l  e t h e r .  
A gain o n ly  t h e  d im er o f  th e  th io p h e n e  d io x id e  was i s o l a t e d .
fc H Cl'i
3 v d'i mi**
3 -  t i k i  I M er
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As a  f i n a l  ch eck  on t h e  a b i l i t y  o f  t h e  th io p h e n e  d io x id e  sy stem  
t o  u n d e rg o  a  [ 1* + 2 ] r e a c t i o n  w ith  e t h y l  v in y l  e t h e r  u n d e r  m o d e ra te  
c o n d i t i o n s ,  t h e  c y c lo a d d i t io n  r e a c t i o n  was a t te m p te d  w i th  t h e  monomeric 
3 ,U -d im e th y lth io p h e n e  d io x id e .  The r e a c t i o n  m ix tu re  was r e f lu x e d  f o r  
15  h r .  h u t  no r e a c t i o n  o c c u r r e d .
cHcl$ /  r t l Wx / r k r
/  rtffM*. i r U r
So
The p h o to e le c t r o n  i o n i z a t i o n  p o t e n t i a l  f o r  e t h y l  v i n y l  e t h e r 93a a t  
8 .9eV  i s  o n ly  1 .56eV  b e lo w  t h e  IP  o f  10 .15eV  f o r  e th y l e n e . 93*1 However, 
t h e  p y r r o l i d i n e  enam ine o f  2 -m e th y lp ro p a n a l h a s  an  i p 93c o f  7 .79eV  w hich  
i s  2 .72eV  b e lo w  t h a t  o f  e th y l e n e .  U sin g  b e n ze n e  a s  a  s o lv e n t ,  th e  
enam ine w as r e f lu x e d  w i th  3 ,^ -d im e th y l th io p h e n e  d io x id e  u n d e r  n i t r o g e n  
f o r  15 h r .  The o n ly  p r o d u c t  i s o l a t e d ,  6 6 , was t h e  a p p a r e n t  r e s u l t  o f  a  
b a s e  c a ta ly z e d  p r o t o t r o p i c  H [ l ,3 ]  s h i f t  o f  t h e  3 , ^ -d im e th y lth io p h e n e  
d io x id e ,
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I t  was th e n  th o u g h t ,  b a se d  on t h e  i s o l a t i o n  o f  t h e  H [ l ,3 ]  s h i f t e d  
p r o d u c t ,  t h a t  p e rh a p s  t h e  enam ine was to o  s t e r i c a l l y  h in d e re d  t o  u n d e r­
go th e  [1+ + 2 ] c y c lo a d d i t io n .  T h u s , 3 »*+-d im e th y l  th io p h e n e  d io x id e  was 
t r e a t e d  w i th  an  e q u iv a le n t  o f  1 - d i e t h y l a m i n o - l ,3- b u ta d ie n e  f o r  2k h r s .  
i n  b e n z e n e . A gain  o n ly  t h e  H [ l ,3 ]  s h i f t e d  p ro d u c t  was i s o l a t e d  b u t  i n  
an  a lm o s t q u a n t i t a t i v e  y i e l d .
T hese  r e s u l t s  w ere  e x tre m e ly  p u z z l in g  i n  v iew  o f  t h e  [6  + 1+] c y c lo ­
a d d i t i o n  b e tw een  a m in o fu lv e n e s  and  th io p h e n e  d io x id e s .  As a  p e r v e r s e  
ch eck  o f  t h i s  r e a c t i o n ,  t h e  d im er o f  3 -m e th y lth io p h e n e  d io ix d e  was 
r e f lu x e d  f o r  s e v e r a l  d ay s  w i th  d im e th y la m in o fu lv e n e  s in c e  th e  [6  + 1+] 
c y c lo a d d i t io n  c o u ld  p o s s ib l e  o c c u r  th ro u g h  th e  in te rm e d ia c y  o f  t h e  3 -  
m e th y lth io p h e n e  d io x id e  d im e r . H ow ever, m o n ito r in g  t h e  r e a c t io n  b y  
HMR d id  n o t  r e v e a l  t h e  p re s e n c e  o f  any a z u le n e .
N ( a ) x
so.
+
A r a t i o n a l i z a t i o n  o f  th e s e  e x p e r im e n ta l  o b s e r v a t io n s  b a se d  on 
s t e r i c  r e p u l s i o n  d o es  n o t  seem v e r y  s u i t a b l e .  A lth o u g h  th e  am ino - 
fu lv e n e  c o u ld  b e  s t e r i c a l l y  s m a l le r  th a n  th e  is o b u te n e  en am in e , i t  
i s  l a r g e r  th a n  th e  a m in o b u ta d ie n e . H ow ever, t h e r e  i s  a  r a t h e r  d ra m a tic
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. s t r u c t u r a l  d i f f e r e n c e  b e tw een  t h e  am in o fu lv en e  and  t h e  o th e r  e l e c t r o n -  
r i c h  " o l e f i n s " .
F o r th e s e  r e a c t i o n s ,  th e  LUMO(TD) -  HOMOColefin) i s  t h e  p red o m i­
n a n t  c h a rg e  t r a n s f e r  com ponent. Thus a t  2 .0 -3 .0 &  in te r f r a g m e n t
/ /
d i s t a n c e ,  t h e  c a r b o n -c a rb o n  d o u b le  bond C2-C., o f  t h e  " o l e f in "  HOMO 
i n t e r a c t s  w ith  t h e  C2-C 5 and  oxygen o r b i t a l s  o f  t h e  th io p h e n e  d io x id e .  
S in c e  t h e  oxygen o r b i t a l s  a r e  o u t  o f  p h a se  w ith  t h e  C2 and  C5 o r b i t a l s ,  
i t s  a n t ib o n d in g  o v e r la p  w ith  th e  c a rb o n -c a rb o n  d o u b le  bond w i l l  d e c re a s e  
t h e  n e t  o v e r la p  b e tw ee n  th e  " o l e f i n "  HOMO and LUMO(TD).
0
§
H O M O
f i t l v e n t
0
0 /
I
0
7V H o m o  t
amino e-iky/the
The is o b u te n e  enam ine and  sm in o b u ta d ie n e  b o th  have  HOMO d e n s i t y  
t h a t  i s  c e n te r e d  b e tw e e n  th e  ends o f  t h e  C2-C 5 TD o l e f i n  c a rb o n s . 
H ow ever, t h e  a m in o fu lv e n e  by  v i r t u e  o f  i t s  a n g u la r  g e o m e try , h a s  i t s  
HOMO e l e c t r o n  d e n s i t y  s h i f t e d  to w a rd s  t h e  ends o f  t h e  C2-C 5 TD c a rb o n s . 
Thus t h e  a m in o fu lv e n e  w i l l  have a  much l a r g e r  n e t  o v e r la p  w i th  t h e  
LUMO(TD) th a n  th e  o t h e r  " o l e f i n s "  b e c a u s e  th e  a m in o fu lv e n e  h a s  l e s s  
a n t ib o n d in g  o v e r la p  w i th  t h e  oxygen  o r b i t a l s .  The l a r g e r  am ount o f  
in t e r m o le c u la r  o v e r la p  a s  w e l l  a s  a  lo w e r HOMO i o n i z a t i o n  p o t e n t i a l  
(.7 . ^ 3 )®® w i l l  i n c r e a s e  t h e  am ount o f  c h a rg e  t r a n s f e r  i n  t h e  [6  + U]
9 0
am ino fu lvene-T D  r e a c t i o n s  r e l a t i v e  t o  t h e  [U + 2] enam ine-TD r e a c t i o n s .  
T h is  in c r e a s e  i n  c h a rg e  t r a n s f e r  w ould  a l lo w  th e  "bonding i n t e r a c t i o n s  to  
com pete  m ore e f f e c t i v e l y  w i th  t h e  r e p u l s i v e  i n t e r a c t i o n s , The m ore 
e f f e c t i v e  c h a rg e  t r a n s f e r  i n t e r a c t i o n  w ould  r a t i o n a l i z e  t h e  anom alous 
[6  + r e a c t i v i t y  o f  t h e  am ino f u lv e n e s  to w a rd s  t h e  th io p h e n e  d io x id e  
s y s te m .
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C o n c lu s io n .
T h is  s tu d y  h a s  e x p lo re d  some s y n t h e t i c  l i m i t a t i o n s  and  
u n c o v e re d  some i n t e r e s t i n g  p h y s ic a l  o rg a n ic  c h e m is tr y .  The th io p h e n e  
d io x id e  s y s te m , a s  a  w h o le , d oes n o t  a p p e a r  t o  b e  t h e  e l e c t r o n -  
d e f i c i e n t  d ie n e  t h a t  was e x p e c te d  b a s e d  on  t h e  e le c tro n - w ith d ra w in g  
c h a r a c t e r  o f  t h e  s u l f o n e .  A lth o u g h  c e r t a i n  r e a c t i o n s  o f  t h e  th io p h e n e  
d io x id e  sy s te m , e . g .  w ith  c y c lo p e n ta d ie n e  and  a m in o fu lv e n e s , h ave  
shown a  h ig h  d e g re e  o f  p e r i -  and  r e g i o s e l e c t i v e  b e h a v io r ,  t h e s e  r e a c t i o n s  
a r e  m ore th e  e x c e p t io n  th a n  th e  r u l e .
From a  t h e o r e t i c a l  p o in t  o f  v ie w , t h e  i n t e r e s t i n g  r e s u l t s  a r e  
c e n te r e d  a ro u n d  th e  im p o r ta n c e  o f  t h e  n o n -b o n d in g  i n t e r a c t i o n s  i n  
d e te rm in in g  t h e  o b se rv e d  r e g i o s e l e c t i v i t y  o f  t h e  v a r io u s  c y c lo a d d i t io n  
r e a c t i o n s .  U n lik e  m ost D ie ls - A ld e r  r e a c t i o n s  th e s e  non -b o n d ed  i n t e r ­
a c t i o n s  a p p e a r  t o  b e  an  im p o r ta n t  com ponent o f  t h e  th io p h e n e  d io x id e  
[1* + 2] i n t e r a c t i o n  e n e rg y . T h is  i s  p ro b a b ly  due t o  a  s m a l le r  am ount o f  
in te r m o le c u la r  o v e r la p  b e tw ee n  t h e  r e a c t i n g  f ra g m e n ts  r a t h e r  th a n  a  
l a r g e r ,  m ore d ra m a tic  c o n t r i b u t i o n  o f  th e  n o n -b o n d in g  i n t e r a c t i o n s  to  
t h e  a c t i v a t i o n  e n e rg y . A lth o u g h  s p i r o c o n ju g a t io n  by  t h e  oxygen  o r b i t a l s  
may b e  a n  im p o r ta n t  f a c t o r  i n  t h e  r e d u c t io n  o f  t h e  am ount o f  i n t e r ­
m o le c u la r  o v e r l a p ,  o th e r  f a c t o r s  su ch  a s  t h e  e l e c t r o s t a t i c  c o n t r i b u t i o n  
t o  t h e  i n t e r a c t i o n  e n e rg y  and  t h e  d i s t o r t i o n  e n e rg y  c o n t r i b u t i o n  t o  th e  
a c t i v a t i o n  e n e rg y  re m a in  u n a s s e s s e d .  Thus t h e  r e s u l t s  o f  t h i s  s tu d y  a r e  
q u i t e  i n t e r e s t i n g  b u t  f a r  from  c o n c lu s iv e .
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I I I .  EXPERIMENTAL
P a r t  A. I n t r o d u c t i o n .
The THF u s e d  in  th e s e  e x p e r im e n ts  was d i s t i l l e d  b e fo re  u s e  from  
sodium  benzophenone k e t y l . 0®13 S o lv e n ts  and  r e a g e n ts  u s e d  w ere o f  
com m ercial r e a g e n t  g r a d e . ■ M ic ro a n a ly se s  w ere p e rfo rm ed  by  Mr. R alph  
S eab , L o u is ia n a  S ta te  U n iv e r s i ty ,  B aton R ouge, L o u is ia n a .
M eltin g  p o in t s  w ere d e te rm in e d  on a  Thomas-Hoover c a p i l l a r y  
m e ltin g  p o in t  a p p a ra tu s  and  a r e  u n c o r r e c te d .  I n f r a r e d  s p e c t r a  ( i r )  
w ere ta k e n  on a  P e rk in -E lm e r Model 621 G ra tin g  in f r a r e d  s p e c tro m e te r .  
The 3 .3 0 ,  6.2U  and 9*27y ban d s o f  p o ly s ty r e n e  w ere u se d  a s  c a l i b r a t i o n  
s ta n d a r d s .  E le c t r o n ic  s p e c t r a  ( u v /v i s )  w ere  re c o rd e d  on a  C ary  1^ 
s p e c tro m e te r .  60MHz n u c le a r  m ag n e tic  re s o n a n c e  CWMP.) s p e c t r a  w ere 
re c o rd e d  on a  V a ria n  A s s o c ia te s  Model A-60A, 200MHz nmr s p e c t r a  w ere 
re c o rd e d  on a  B ruker U F-200, an d  lOQmHz s p e c t r a  w ere r e c o rd e d  by Mr. 
John  M a rtin  on a  V a ria n  HA-100 s p e c tro m e te r .  U n le ss  s t a t e d  o th e rw is e ,  
d e u te ro c h lo ro fo rm  was th e  s o lv e n t  w ith  t e t r e m e th y l s i l a n e  (TMS) a s  an 
i n t e r n a l  r e f e r e n c e .  C hem ical s h i f t s  a r e  r e p o r t e d  i n  ppm d o w n fie ld  
from  TMS, and  c o u p lin g  c o n s ta n ts  a r e  g iv e n  i n  Hz. The u s u a l  n o ta t io n  
i s  u se d  t o  d e s c r ib e d  th e  s p l i t t i n g  p a t t e r n s ,  i . e . ,  s  = s i n g l e t ,  d  = 
d o u b le t ,  t  = t r i p l e t ,  h  = h e p t e t ,  m = m u l t i p l e t ,  b = b ro a d , e t c .
P h o to ly s is  was c a r r i e d  o u t  i n  a  R ayonet RPR-20U P r e p a r a t iv e  
P h o to ch em ica l r e a c t o r .
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P a r t  B . S t a r t i n g  M a te r ia ls  
X. S y n th e s is  o f  T hiophene D io x id es
3 , ^ -D ic h lo ro th io p h e n e  d io x id e  was p re p a re d  u s in g  th e  p ro c e d u re  o f  
B lu e s to n e  e t  a l .  t o  g iv e  m a te r i a l  o f  m .p . 112° ( .L it llf 1 1 2 -1 1 3 ° ) ; NMR 
CCDC13 ) :  6 6 .7 1 ( s ) .
3- I s o p ro p y l-U - is o p ro p e n y lth io p h e n e  d io x id e  was p re p a re d  a c c o rd in g  
to  th e  m ethod o f  B raverm an e t  a l .  t o  g iv e  m a te r ia l  o f  m .p . 67° ( L i t 34 
6 8 -6 9 ° ) ;  HMR CCDCI3 ) :  1 .1 2  (d ,  J  = 7 ,  6H ), 2 .0 1  ( d ,  J  = 1 ,  3H ), 2.7**
C s e p te t ,  J  = 7 ,  1H ), 5 .1 ^  Cm, 1H ), 5 -3  (m, 1H ), 6 .2 7  (d d , J  = 2 , 1 , 1H ), 
6 .3 3  Cd, J  -  2 , 1H ), [ l i t 34 NMR (CDC1 3 ) :  1 .1 2  ( d ,  J  = 7 ,  6h ) ,  I .98  
( d ,  J  = 1 , 3H ), 2 .7 3  C s e p te t ,  J  = 6 . 5 , 1 H ), 5 .1 2  ( d ,  J  = 1 ,  1H ), 5 .28  
(m, 1H ), 6 .3 0  Csm, 2H )] .
3 -C hIo ro -t* -M ethoxy th iophene  D io x id e . To a  s o lu t io n  o f  1 .3  g (7*03 
mmol) 3 ,^ - d ic h lo r o th io p h e n e  d io x id e  i n  30 m l m e th a n o l, 0 . 8  g ( 7 - 1  mmol) 
p o ta ss iu m  t e r t -b u to x id e  was ad d ed , and th e  m ix tu re  s t i r r e d  f o r  19  h r .
The s o lv e n t  was rem oved u n d e r  re d u c e d  p r e s s u r e ,  t h e  s o l i d  was e x t r a c te d  
w ith  m e th y len e  c h lo r id e  and  th e  e x t r a c t  was ch ro m ato g rap h ed  th ro u g h  a 
s h o r t  colum n o f  n e u t r a l  a lu m in a . Removal o f  t h e  s o lv e n t  u n d e r  re d u c ed  
p r e s s u r e  fo llo w e d  b y  ch rom atog raphy  on s i l i c a  g e l  w i th  benzene  gave 1 . 0  
g o f  3 -ch lo ro -U -m e th o x y th io p h en e  d io x id e ,  m .p . 1 1 8 -1 2 1 ° . HMR (CDC13 ): 
3 .8 5  ( s ,  3H ), 5 .6 7  Cd, J  = 2 .5 ,  1 H ), 6 .7  Cd, J  = 2 .5 ,  1 H ). IR (CCI4 ) : 
3110 , 2 9 U0 , 1 6 2 0 , 1 5 7 0 , 1 3 2 0 , 1 1 8 0 , 1 1 1 0 , 1 0 2 0 , 8 7 0 , 7 2 0 , 570cm" 1 . 
E le m e n ta l a n a ly s i s  i s  n o t y e t  a v a i l a b l e .
A lk y lth io p h e n e  D io x id e s . The a lk y l  s u b s t i t u t e d  th io p h e n e  d io x id e s  
w ere  p re p a re d  v i a  th e  d e h y d ro h a lo g e n a tio n  o f  th e  c o rre sp o n d in g  3,1*- 
d ib ro m o te tra h y d ro th io p h e n e  d io x id e s .  The fo l lo w in g  p ro c e d u re  i s
i l l u s t r a t i v e ,
2 , U-Dime th y l th io p h e n e  D io x id e . To 3 .9 8  g  (1 1 .3  mmol) o f  3 ,U - d i -  
b rom o-2 , l |-d im e th y l te tr a h y d r o th io p h .e n e  d io x id e  i n  30 m l c h lo ro fo rm  a t  
0°C , 5 m l (.33 .2  mmol) t r i e th y l a m in e  w as a d d e d , and  t h e  s o lu t io n  was 
s t i r r e d  f o r  6 h r .  The s o lv e n t  was rem oved u n d e r  re d u c e d  p r e s s u r e ,  
and th e  s o l i d  r e s id u e  was t r a n s f e r r e d  t o  a  s e p a r a to r y  f u n n e l  w i th  30 
m l m e th y le n e  c h lo r id e  an d  60 ml d i e t h y l  e t h e r .  The o rg a n ic  l a y e r  was 
w ashed tw ic e  w i th  1 0 $ sodium  " b ic a rb o n a te , once w i th  s a t u r a t e d  sodium  
c h l o r i d e ,  and  d r i e d  o v e r  c a lc iu m  s u l f a t e  ( D r i e r i t e ) .  The s o lv e n t  was 
rem oved u n d e r  re d u c e d  p r e s s u r e ,  and  t h e  l .U  g o f  s o l i d  was r e c r y s t a l ­
l i z e d  from  e th a n o l  t o  g iv e  1 . 2  g o f  2 ,U -d im e th y lth io p h e n e  d io x id e ,  m .p , 
61 -63° ( l i t 213 6 2 ~ 6 h ° ) . NMR (CDC13 ) :  2 .0 8  (m, 6H ), 6 .2  (m, 2H).
2 . S y n th e s is  o f  3 , U -D ib ro m o te tra h y d ro th io p h e n e  D io x id e s .
The 3 ,^ -d ib ro m o te tr a h y d ro th io p h e n e  d io x id e s  w ere  p re p a re d  "by 
"b rom ina ting  t h e  2 , 5-d ih y d r o th io p h e n e  d io x id e s  w h ich  i n  t u r n  w ere 
o b ta in e d  from  th e  r e a c t i o n  o f  s u l f u r  d io x id e  w i th  t h e  a p p r o p r i a t e  d ie n e  
u s in g  t h e  m ethod  d e s c r ib e d  i n  t h e  n e x t  s e c t i o n .  The o v e r a l l  c o n v e rs io n  
o f  a  num ber o f  d ie n e s  t o  t h e  c o r re s p o n d in g  3 ,^ - d ib r o m o te t r a h y d r o th io -  
phene d io x id e s  a r e  sum m arized i n  T a b le  XIV.
The b ro m in a tio n s  w ere  p e rfo rm ed  b y  s lo w ly  a d d in g  an e q u im o la r  
am ount o f  b ro m in e  t o  a  r e f l u x i n g  s o l u t i o n  o f  th e  s u l f o n e  i n  c h lo ro fo rm  
o r  c a rb o n  t e t r a c h l o r i d e .  The r e a c t i o n  m ix tu re  was r e f l u x e d  f o r  1 5 -2 0  h r .  
and  n i t r o g e n  was th e n  b u b b le d  th ro u g h  t h e  s o l u t i o n  t o  rem ove any 
u n r e a c te d  b ro m in e  and  h y d ro g e n  b ro m id e  p ro d u c e d  i n  t h e  r e a c t i o n .  The 
s o lv e n t  w as rem oved u n d e r  re d u c e d  p r e s s u r e  an d  m e th a n o l was ad d ed .
The s o l u t i o n  was p la c e d  i n  t h e  f r e e z e r  t o  c r y s t a l l i z e  t h e  d ib ro m id e .
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The c ru d e  d ib ro m id e  was o b ta in e d  "by f i l t r a t i o n  and  was p u r i f i e d  by 
r e c r y s t a l l i z a t i o n  from  m eth an o l o r  e th a n o l ,
3 . S y n th e se s  o f  2 , 5 -D ih y d ro th io p h en e  D io x id e s .
The d ie n e s  u s e d  w ere  o b ta in e d  from  com m ercial s o u rc e s ,  A heavy  
w a lle d  F y rex  tu b e  was c h a rg ed  w i th  0 , 3 - 0 .5  g h y d ro q u in o n e , 1 - 2  ml 
m e th a n o l, a  20  m l o f  th e  d ie n e ,  and f i n a l l y  w ith  15  m l o f  s u l f u r  d io x id e  
from  a c h i l l e d  g ra d u a te d  c y l in d e r .  2*>’ 7 7 ,7  9 The r a t i o s  o f  r e a c t a n t s ,  
r e a c t i o n  te m p e ra tu re  and  y i e l d s  a r e  sum m arized in  T a b le  XXV. The tu b e s  
w ere  opened a f t e r  1 0 -1 3  h r s .  and w ere v e n te d  a t  room te m p e ra tu re .  The 
o i l y  p ro d u c t was rem oved from  t h e  tu b e  by d is s o lv in g  i n  m e th y len e  
c h lo r id e  and th e  s o lu t io n  was f i l t e r e d  th ro u g h  a  s h o r t  a lu m in a  colum n. 
Due t o  th e  i n s t a b i l i t i e s  o f  t h e  2 , 5 -d ih y d ro th io p h e n e  d io x id e s ,  
b ro m in a tio n  was g e n e r a l ly  c a r r i e d  o u t w i th in  2h h r .  a f t e r  w orkup.
T able  XIV. P re p a ra t io n  o f  3 ,fr-D ib ron io te trahyd ro th iophene  D io x id es .
2 -M e th y l- l ,3 -b u ta d ie n e 8,
£
1 .3 -P en ta d ie n e
2 .3 -D im e tb y l- l ,3 -b u ta d ie n e 8
2-P heny l- 1 ,3 -b u ta d ie n e 81
c
2 -M e th y l- l,3 -p e n ta d ie n e
3 ,U -D ibrom otetrahydro th iophene
2 ,5 -D ih y d ro th io p h en e  D ioxide__________  D ioxide
Time (h r )  f o r
D iene S02 P a t io  Y ie ld #  A d d itio n  B r2 Y ie ld  %
1:U 10 h r . ,  125°C 7079 8 8582
l : h  10  h r . ,  130°C 6o17 8 6 ? 17
1 :3  12 h r . ,  80° 10083 k 8570
1 :3  13 h r . ,  130° 82 80 5 85ao
  -------  —  5 9028
(a ) O btained  d ien e  from A ld ric h  Chemical C o ., I n c . ,  M ilwaukee, W isconsin .
(b ) Follow ed by r e f lu x  f o r  10-lU  h r .
(c ) The d ih y d ro th io p h en e  d io x id e  was o b ta in e d  from  A ld ric h  Chem ical Co,
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F a r t  C. D im e r iz a t io n  o f  Thiophene D io x id es  and  R e a c tio n s  o f  D im ers.
D im e r iz a tio n  -  G e n e ra l . The m o n o s u b s ti tu te d  th io p h e n e  d io x id e s  
d im e r iz e  a t  room te m p e ra tu re  upon g e n e r a t io n  from  th e  3 ,^ -d ib ro m o - 
te t r a h y d ro th io p h e n e  d io x id e s .  G e n e ra tio n  and d im e r iz a t io n  o f  each  
m o n o s u b s ti tu te d  th io p h e n e  d io x id e  was p e rfo rm ed  in  a  100  m l round  
b o tto m  f l a s k  f i t t e d  w ith  a  r e f l u x  c o n d en se r and a d d i t io n  f u n n e l .  The 
t r i e th y la m in e  was added  s lo w ly  t o  a  c h lo ro fo rm  o r  m e th y len e  c h lo r id e  
s o lu t io n  o f  th e  3 ,U -d ib ro m o te tra h y d ro th io p h e n e  d io x id e  and  th e  s o lu t io n  
s t i r r e d  f o r  12-21+ h r .  a t  25°C.
I f  th e  trie th y lam m o n iu m  brom ide  had  p r e c i p i t a t e d  d u r in g  th e  
r e a c t i o n ,  th e  r e a c t i o n  m ix tu re  was f i l t e r e d  and th e  f i l t r a t e  t r a n s ­
f e r r e d  u s in g  d i e t h y l  e th e r  t o  a  s e p a r a to r y  fu n n e l  and was w ashed w ith  
d i l u t e  sodium  b ic a r b o n a te  (1 0 - 2 0 $) and f i n a l l y  w i th  s a tu r a t e d  sodium  
c h lo r id e .  The o rg a n ic  p h a se  was d r i e d  o v e r c a lc iu m  s u l f a t e ,  and th e  
s o lv e n t  was removed u n d e r  re d u c e d  p r e s s u r e .  The o i l y  p ro d u c t was 
ch ro m ato g rap h ed  w ith  c a rb o n  t e t r a c h l o r i d e ,  c h lo ro fo rm  o r  b en zen e  o v e r 
n e u t r a l  a lu m in a  o r  s i l i c a  g e l .
A f te r  ch ro m ato g rap h y , th o s e  d im ers  t h a t  rem a in ed  c o lo r l e s s  o i l s  
w ere  a llo w e d  to  r e a c t  w ith  U - p h e n y l - l ,2 , l+ - t r ia z o l in e - 3 ,5 - & io n e  (PTAD). 
To form  th e  PTAD a d d u c ts ,  th e  d im ers  w ere d i s s o lv e d  i n  a c e to n e ,  c o o le d  
to  -6 0 °  and an a c e to n e  s o lu t io n  c o n ta in in g  1 ,2 - 2 .0  e q u iv a le n ts  o f  PTAD 
was added  u n t i l  t h e  r e a c t i o n  m ix tu r e  r e t a i n e d  a  s l i g h t  p in k  c o l o r a t i o n ,  
and th e n  s to r e d  f o r  6 -1 2  h r .  in  t h e  f r e e z e r .  The s o lv e n t  was rem oved 
u n d e r  re d u c e d  p r e s s u r e ,  and th e  s o l i d  r e s id u e  was ch ro m ato g rap h ed  on 
n e u t r a l  a lu m in a  w i th  c h lo ro fo rm . The e l u t i n g  s o lv e n t  was rem oved 
u n d e r  re d u c e d  p r e s s u r e ,  and  th e  s o l i d  was r e c r y s t a l l i z e d  from  e th a n o l .
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The PTAD a d d u c ts  a r e  s t a b l e  w h ite  s o l i d s  th a n  can  h e  e a s ily -  
h a n d le d  an d  c h a r a c t e r i z e d  (T ab le  XVb).
The d im e r iz a t io n  o f  t h e  d i s u b s t i t u t e d  th io p h e n e  d io x id e s  was 
c a r r i e d  o u t  b y  h e a t in g  t h e  i s o l a b l e  th io p h e n e  d io x id e s  f o r  1 2 -7 2  h r .  
a t  11 0 -1 5 0 °C . The r e a c t i o n  m ix tu re  was t r a n s f e r r e d  w ith  some m e th y le n e  
c h lo r id e  t o  a  s e p a r a to r y  f u n n e l  c o n ta in in g  a  l a r g e  volum e o f  (1 0 - 2 0 #) 
sodium  c h lo r id e  s o l u t i o n .  The aqueous s o l u t i o n  was e x t r a c t e d  3--1+ t im e s  
w ith  m e th y le n e  c h l o r i d e ,  and  th e  o i l  e x t r a c t s  w ere d r i e d  o v e r  c a lc iu m  
s u l f a t e .  The m e th y le n e  c h lo r id e  was rem oved u n d e r re d u c e d  p r e s s u r e ,  
and th e  r e s id u e  was c h ro m a to g ra p h ed  on n e t u r a l  a lu m in a  w i th  c a rb o n  
t e t r a c h l o r i d e .  The c a rb o n  t e t r a c h l o r i d e  e lu a n t  was rem oved u n d e r 
re d u c e d  p r e s s u r e ,  and t h e  s o l i d  was r e c r y s t a l l i z e d  from  e th a n o l .
D e ta i l e d  p ro c e d u re s  a r e  g iv e n  b e lo w  f o r  t h e  d im e r iz a t io n  o f  2 -  
m e th y l - ,  3 -m e th y l- ,  2 ,H -d im e th y l-  and  3 - i s o p r o p y l - ^ - i s o p r o p e n y l - t h i o -  
phene d io x id e .  The p ro c e d u re s  f o r  t h e  re m a in in g  th io p h e n e  d io x id e s  
a r e  s i m i l a r  t o  th o s e  d e s c r ib e d  h e re  i n  d e t a i l ,  and e x p e r im e n ta l  
c o n d i t i o n s ,  y i e l d s  and s p e c t r o s c o p ic  d a t a  f o r  t h e  p r o d u c ts  a r e  summa­
r i z e d  i n  T a b le  XVa. E le m e n ta l  a n a ly s i s  a r e  c o l l e c t e d  i n  XVc.
D im e r iz a t io n  o f  2 -M e th y lth io p h e n e  D io x id e . To 1 .5  g (2 .5 7  mmol) 
o f  3 , U -d ib ro m o -2- m e th y l te t r a h y d r o th io p h e n e  d io x id e  in  50  m l m e th y le n e  
c h l o r i d e ,  1 . 5  g ( lU .9  mmol) o f  t r i e t h y l a m i n e  was r a p i d l y  added  and  th e  
s o l u t io n  w as s t i r r e d  f o r  15 h r .  a t  25°C . The r e a c t i o n  m ix tu r e  was 
f i l t e r e d  t o  rem ove th e  p r e c i p i t a t e d  tr ie th y la m m o n iu m  b ro m id e  and t h e  
f i l t r a t e  was t r a n s f e r r e d  w i th  an  e q u a l  vo lum e o f  d i e t h y l  e t h e r  t o  a  
s e p a r a to r y  f u n n e l .  The o rg a n ic  p h a se  w as w ashed  w i th  d i l u t e  20# sodium  
b i c a r b o n a t e ,  s a t u r a t e d  sod ium  b ic a r b o n a te  an d  f i n a l l y  w i th  s a t u r a t e d
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sodium  c h lo r id e  s o lu t io n .  The o rg a n ic  p h ase  was d r ie d  o v e r ca lc ium  
s u l f a t e ,  and th e  s o lv e n t was removed u n d e r red u ced  p r e s s u r e  to  y i e l d  
a  ye llow -brow n o i l .  The o i l  was d is s o lv e d  in  benzene and th e  s o lu t io n  
p a s se d  th ro u g h  a  s h o r t  column o f  n e u t r a l  alum ina and th e n  chroma­
to g ra p h e d  on s i l i c a  g e l  w ith  b en zen e . Removal o f  t h e  s o lv e n t  u n d e r 
red u ced  p re s s u re  gave 0 .3  g ( 58$) o f  th e  dim er o f  2-m e th y lth io p h en e  
d io x id e .
D im e riz a tio n  o f  3 -M e th y lth io p h en e  D io x id e . To 5 .8  g { lB .5 mmol) 
o f  3 ,U -d ibrom o-3-m e th y lte tra h y d ro th io p h e n e  d io x id e  i n  25 ml c h lo ro fo rm , 
5 .0  g (50  mmol) t r ie th y la m in e  was added o v e r a  2 m in. p e r io d ,  and th e  
r e a c t io n  m ix tu re  was s t i r r e d  f o r  15 h r .  a t  25°C. The s o lu t io n  was 
t r a n s f e r r e d  in to  a  s e p a ra to ry  fu n n e l w ith  50 ml d i e th y l  e th e r ,  th e  
o rg a n ic  p h ase  was washed tw ic e  w ith  d i l u t e  10% sodium  b ic a rb o n a te  and 
f i n a l l y  w ith  s a tu r a te d  sodium c h lo r id e .  A f te r  d ry in g  th e  o rg a n ic  
p h ase  o v e r ca lc iu m  s u l f a t e ,  th e  o rg a n ic  phase  was vacuum f i l t e r e d  
th ro u g h  a  bed  o f  n e u t r a l  a lu m in a , and th e  s o lv e n t  was removed u n d e r 
red u ced  p r e s s u r e .  Chrom atography o f  th e  o i l  on s i l i c a  g e l  w ith  
benzene e lu a n t  and rem oval o f  t h e  s o lv e n t  u n d e r red u ced  p re s s u re  gave 
0 . 9  g { 30%) o f  th e  3-m e th y lth io p h e n e  d io x id e  d im er.
R e a c tio n  o f  th e  3 -M e th y lth io p h en e  D iox ide  Dimer w ith  PTAD. To 
10  m l o f  a ce to n e  c o n ta in in g  1 . 0  g (.5*1 mmol) 3-d im e th y l th io p h e n e  d io x id e  
d im er co o led  t o  -65°C , 1 .0  g (~1 e q .)  PTAD was added  u n t i l  th e  p in k  
c o lo r  p e r s i s t e d .  The r e a c t io n  m ix tu re  was p la c e d  in  th e  f r e e z e r  f o r  
10 h r .  The s o lv e n t  was removed u n d e r red u ced  p r e s s u r e ,  and th e  s o l id  
was chrom atographed  th ro u g h  a lum ina w ith  ch lo ro fo rm  e lu a n t .  The s o lv e n t
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w as rem oved u n d e r  re d u c e d  p r e s s u r e ,  and  th e  s o l i d  a d d u c t was r e c r y s t a l ­
l i z e d  from  e th a n o l  to  g iv e  O.8 9  g (it7 ?S) o f  a  w h ite  s o l i d .
D eu te riu m  Exchange o f  t h e  3 -M e th y lth io p h e n e  D io x id e  D im er. To 
0.U g 3 -m e th y lth io p h e n e  d io x id e  d im er i n  5 m l THF, 5 ml o f  a  d i l u t e  
NaOD/D20 s o l u t i o n  was ad d ed  an d  th e  s o l u t i o n  was s t i r r e d  f o r  36  h r .  a t  
25°C and  th e n  s a t u r a t e d  w i th  sodium  c h lo r id e  t o  s e p a r a te  th e  o rg a n ic  
an d  aqueous p h a s e s .  The c o n te n t s  o f  t h e  f l a s k  w ere  t r a n s f e r r e d  t o  a 
s e p a r a to r y  f u n n e l ,  and  t h e  o rg a n ic  p h a se  was s e p a r a te d  and  d r i e d  o v e r  
c a lc iu m  s u l f a t e .  The s o lv e n t  was rem oved u n d e r  re d u c e d  p r e s s u r e  t o  
g iv e  p a r t i a l l y  d e u te r a te d  3 -m e th y lth io p h e n e  d io x id e  d im e r,
D im e r iz a t io n  o f  2 ,^ -D im e th y l th io p h e n e  D io x id e . An NMR tu b e  was 
s e a le d  c o n ta in in g  0 . 2  g ( 1 .3 9  mmol) 2 , l t - d im e th y lth io p h e n e  d io x id e  and
2 -3  ml DMSO-dg, an d  t h e  sam ple  was h e a te d  f o r  1*8 h r .  a t  110°C , The 
c o n te n ts  o f  t h e  tu b e  w ere  t r a n s f e r r e d  w i th  some m e th y le n e  c h lo r id e  
s o l u t i o n  t o  a  s e p a r a to r y  f u n n e l  c o n ta in in g  20% sodium  c h lo r id e  
s o l u t i o n .  The aqueous p h a se  was e x t r a c t e d  3 t im e s  w i th  m e th y le n e  
c h l o r i d e ,  and  t h e  o rg a n ic  p h a s e s  w ere  com bined an d  w ashed  3 t im e s  
w i th  d i l u t e  sodium  c h l o r i d e ,  f i n a l l y  w i th  s a t u r a t e d  sodium  c h lo r id e  
an d  d r i e d  o v e r  c a lc iu m  s u l f a t e .  The s o lv e n t  was rem oved u n d e r  re d u c e d  
p r e s s u r e ,  and  t h e  c ru d e  p ro d u c t  was ch ro m a to g ra p h ed  o v e r  a lu m in a  w ith  
c a rb o n  t e t r a c h l o r i d e  and  m e th y le n e  c h lo r id e  e l u a n t .  The e l u t i n g  
s o lv e n t  was rem oved u n d e r  re d u c e d  p r e s s u r e  t o  g iv e  0 . 0 7  g (^550 o f  th e  
2 , U -d im e th y lth io p h e n e  d io x id e  d im e r.
D im e r iz a t io n  o f  3 - I s o p r o p y l - i t - i s o p r o p e n y l th io p h e n e  D io x id e . I n  a  
ro u n d  b o tto m  f l a s k  t h a t  h ad  b e e n  p u rg e d  w i th  n i t r o g e n ,  0 ,2 7 5  g ( l . 3 9
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mmol) 3 - i s o p r o p y l - l t - i s o p r o p e n y l  th io p h e n e  d io x id e  was h e a te d  u n d e r 
n i t r o g e n  a t  l8 0 -1 9 0 o f o r  2 .5  h r .  The c o n te n t s  o f  t h e  f l a s k  w ere  
t r i t u r a t e d  w i th  a  1 : 1  c a rb o n  t e t r a c h l o r id e :m e t h y le n e  c h lo r id e  s o lv e n t ,  
an d  th e  s o lv e n t  was d e c a n te d . The re m a in in g  s o l i d  0 .1 7  g (.62$) 3 -  
is o p r o p y l - l t - i s o p r o p e n y l th io p h e n e  d io x id e  d im er was r e c r y s t a l l i z e d  from  
e t h a n o l .
P y r o ly s i s  o f  t h e  3 -M e th y lth io p h e n e  D io x id e  D im er. An a t te m p t  was 
made t o  d i s t i l l  1 . 0  g ( 3 . 1  mmol) o f  th e  3 -m e th y l d im er u s in g  a  s h o r t  
p a th  d i s t i l l a t i o n  h ead  and  r e c e i v e r  c o o le d  t o  -6 5 °C . A n o t i c e a b le  
e v o lu t io n  o f  v a p o r  o c c u r re d  when th e  h e ad  te m p e ra tu re  was a t  55°C/.5mm., 
H e a tin g  was c o n t in u e d  u n t i l  v a p o r  c e a se d  t o  b e  e v o lv e d . The r e c e iv e r  
c o n ta in e d  0 .1 3  g (3 2 $ ) o f  c ru d e  m ,a - d im e th y ls ty r e n e . NMR (CDCI3 ) :  2.01+
( s ,  3H ), 2 .2 3  ( s ,  3H ), U .97 (m, 1 H ), 5 .2 9  (m, 1 H ), 7 .0 5  (m, fcH), IR 
( n e a t ) :  3 0 9 0 , 3 0 ^ 0 , 2 9 7 5 , 1 6 3 5 , 1 6 1 0 , 1 5 9 0 , 1 ^ 5 5 , 1 3 8 0 , 1 3 2 5 , 11 2 5 ,
9 0 0 , 8 0 0 , 730cm 1 . E x a c t m ass n o t  y e t  a v a i l a b l e .
P y r o ly s i s  o f  2 -M e th y lth io p h e n e  D io x id e  D im er. A s o l u t i o n  o f  0 .5  g 
( 2 . 5 5  mmol) o f  2 -m e th y lth io p h e n e  d io x id e  d im er i n  10  ml b e n ze n e  was 
ad d ed  d ro p w ise  u n d e r  n i t r o g e n  t o  a  f l a s k  h e a te d  in  an  o i l  b a th  k e p t  a t  
215°C and e q u ip p e d  w i th  a  s h o r t  p a th  d i s t i l l a t i o n  h e a d . The d i s t i l l a t e  
was c o l l e c t e d  i n  a  r e c e i v e r  c o o le d  t o  0°C . Rem oval o f  t h e  s o lv e n t  u n d e r  
re d u c e d  p r e s s u r e  gave 0 .0 3  g i.9.%) o f  c ru d e  o ,3 - d im e th y l s ty r e n e .  HMR 
(CDCI3 ) :  2 .0 1  tcLd, J  = 6 , 1 ) ,  2 . It, ( s ) ,  6 .2  (m ), 6 .7 5  ( d ,  J  = 1 5 ) ,
7 .2 5  (m ). B ased  on th e  c h e m ic a l s h i f t s  o f  t h e  m e th y l g ro u p s ,  t h e  t r a n s  
iso m e r w as t h e  m a jo r  p r o d u c t ,  [ L i t 07 HMR (CCli*): 1 .8 lt (d d , J  = 6 , 1 ,
3H ), 2 .2 5  C s, 3 H ), 5 .9 8  (d q , J  = 1 6 , 6 , 1 H ), 6.U5 (b d , J  = l 6 , 1H ),
7.3 (jn, UH)].
Table XYa. Dimerization of Thiophene Dioxides.
Thiophene Dioxide
3-Methyl
2-Methyl
3-Fhenyl1
3,4-D im ethyl3
2,4-Dimethyl
3-lB opropyl-lt-ieopropenyl
Time (h r ) ;  Temp (°C);
Base, Solvent Workup, m.p. Y ield HMH (benzene-ds) IR torn-1 }
15, 25°C; T rie th y l-  A/C/S/henzene 50? 
anine/methylene
20; 25°C; T rie th y l-  A/C/S/benzene 55? 
amine/CH2C1j
15; 25°C; T rie th y l-  
amine/CHjClg
12; 120°C; DMSO 
18; 110°, EMPA
2 ; 180° ;  neat
A/R/Etbanol 62? 
m.p. 167-170°
R/Etanol 60?
m.p. l4 l- l4 2 °
R/Ethanol 45?
m.p. 100-105°
R/Ethanol 62?
m.p. 280 dec.
1 .8  I s ,  3H), 2 .1  I s ,  3H), 3,76 (ddd, J = l l ,  
1 , 1 , IB ), 4.10 (ddd, J = l l ,  4 .5 , 1 , IB ),
5,4 (b ,  IB ), 5.81 (dd, J=10, 4 .5 , 1H),
6 ,1  (dd, J=10, 1 , IB ), 6 .5  Cm, 1H)
(film ) 3040, 2980 , 
2920 , 2860 , 1615, 
1440, 1410, 1315, 
1240, 1120 ,  1040, 
910, 680, 610
I .8 6 , Cs, 3H), 2.10 ( s ,  3H), 3.7 (ddd, J= tf iU i)  3040, 3015,
I I ,  2 , 1 , IB ), 4.17 (ddd, J * l l ,  4 , 2, 1H), 2965, 2915, 2850,
5.68  (dd, J=1 0 , 4 , IB ), 6.11  (d , J=1 0 , IB ), 1665, 1605 , 1450,
6.39 (m, IB) 1300, 1150, 1110,
760,
4 .3  (dd, Jq .1 .5 , IH ), 4 ,7 (ddd, J=12.5, 
3 .5 , 1 , IH ), 5.63 (d , J= 3 .5 , IB ), 6 .1 
(dd, J=9, 5, IH ), 6 .7  (a, IB ), 7 .5 , (m, 
10B)
1.25 ( s ,  3H), 1.82 (e , 3H), 1.95 ( s ,  3H),
2.05 ( s ,  3H), 3.7 (dd, J - 6 , 1 , l f l) ,  5.31
( s , IB ), 5.62 {d, J=6 , IB), 6,52 (bs, IH)
1.21 ( s ,  3H), 1 .76  ( s ,  3H), 2.06 ( s ,  3H),
2.09 ( s ,  3H), 3.47 ( s ,  IB ), 5.02 (a ,  IB ),
5.96 ( s ,  IB ), 6.12 ( s ,  IH)
1.17 (m, J=7, 12B), 1 .8  (b s , 3H), 2.28 
(ha, 3H), 2 .3  (d , jr-15.5, M ) ,  2.35  
(h, J=7, IH ), 2.73 (d , J=15.5, l f l ) ,  3.01 
(h , J=7, IB ), 3.B1 (d , J= 9 .5 , IH ), 4.21 
(dd, J=9.5 , 1 , IH ), 6.47 (b s, IB ), 6.57 (bs, lfl)
(EBr) 3050, 1600, 
1490, 1445, 1290, 
1120 , 750
(CCl*) 3030, 2965, 
2970, 2860, 1670, 
1605, 1440, 1300, 
l l 60 , 1115, 870, 670
(KBr) 3060, 2980, 
1630, 1570 ,  l46o , 
1390, 1310, 1300, 
1190 , 1140, 910,
900, 527
HO
ro
Table XV Continued.
*A = aqueous workup s im i la r  to  th e  d e ta i l e d  p re p a ra t io n  g iv en  f o r  th e  dim er o f  2-  and 3-m e th y l-  
th io p h en e  d io x id e s , FA = f i l t e r e d  th ro u g h  bed o f  n e u t r a l  a lu m in a , C = chrom atography, UA1 = n e u t r a l  
a lum ina , S = s i l i c a  g e l ,  R = r e c r y s t a l l i z a t i o n ,  e . g . ,  A /C /S/benzene = aqueous w orkup, chrom atographed over 
s i l i c a  g e l  u s in g  benzene.
2L ev is  and H atch l i t ..37
3Wrobel and K abinska l i t . 38
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T able  XVb. D ata f o r  PTAD Adducts o f  2 -  and 3 -M ethy lth iophene D ioxide D im ers.
Y ie ld , m .p. C°,
C re c ry s t. s o lv e n t)  ___________________HMR (CDC13 , 5)___________________
2-M e-dimer 55% 2 .0 ,  Cd, J  -  1 ,  3H ), 2 .08  ( s ,  3H), s .  1*8 Cm, IE )
3 .95  (d d , J  = 8 , 3 .5 ,  IH ) , 5.U5 Cdd, J  = 5 , 3 .5 ,  
lH l ,  6 .1 0  ( d ,  J  * 8 , IH ) , 6 .5  Cdd, J  = 8 , 5 , IH)
2U0-21H CCHC13 )
3-M e-dimer 1 .9 2  Cd, J  = 1 .5 ,  3H ), 2 .1  ( s ,  3H), U.71* U ,  IH)
if .93 (d d , J  = 8 , 3 ,  IH ) , 5 .0 9  (d d , J  = 3 , 1 .5 ,  
IH ), 5 .39  (d d , J  = 6 , 3 ) ,  6 .22  (m, IH ) , 6 . U2 (sm, 
IH ), 7.if5 Cm, 5H)
29U 295 (EtOH)
IR (cm"1 ) CHC13
3000, 1 7 6 0 , 1 7 1 0 , 
1620, 1500, 1390, 
1330, 1 1 6 0 , 11 5 0 , 
1120, 1030, lOifO, 
900, 8U0
3000 , 2995, 1790, 
17if0, 1660, 1630, 
1530, 1U20, 1330, 
1 1 6 0 , 1 1 1 0 , 10 lf0 , 
9 1 0 , 8 5 0 , 680
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T a b le  XVc. E le m e n ta l A n a ly s is  o f  T h io p h en e  D io x id e  D im ers 
an d  PTAD A dducts o f  D im e rs .
E le m e n ta l A n a ly s is
C a lc ’d  Found
3-Me-PTAD C: 5 8 .2 2  C: 5 7 .5 0
H: I t .58 H: I t .30
N: 1 1 .3 2  N: 1 1 .1 1
3 -P h e n y l D im er C: 75*00 C: 7 5 .0 3
H: 5*00 H: 5*08
3-Me-PTAD C: 5 8 .2 2  C: 57*91
H: It. 58 H: tf .6 2
11: 1 1 .3 2  N: 1 1 .3 8
2 ,U -D irae th y l D im er C: 6k . 29 C: 6 ^ .2 8
H: 7 .lU  H: 7*29
3 - I s o p r o p y l - U - is o p r o p e n y l  Dim er C: 6 0 .6 l  C; 6 0 .8 0
H: 7*07 H: 7*3^
3 »^ -d im e th y l  d im er r e p o r t e d  p r e v i o u s l y 38
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F a r t  D. T h iophene  D io x id e  C y c lo a d d i t io n s  t o  C y c lo p e n ta d ie n e .
G e n e r a l . T h iophene  d io x id e  c y c lo a d d i t io n s  t o  c y c lo p e n ta d ie n e  
w ere  c a r r i e d  o u t i n  tw o w ays, d e p e n d in g  upon w h e th e r  t h e  th io p h e n e  
d io x id e  was a  s t a b l e  d i s u b s t i t u t e d  d e r i v a t i v e  o r  one o f  th e  l a b i l e  
m o n o s u b s t i tu te d  th io p h e n e  d io x id e s .
F o r th e  d i s u b s t i t u t e d  com pounds, t h e  th io p h e n e  d io x id e  was d i s ­
s o lv e d  in  a c e to n e  o r  c h lo ro fo rm  an d  t r e a t e d  a t  25°C w ith  1 .0 - 1 .3  
e q u iv a le n ts  o f  f r e s h l y  d i s t i l l e d  c y c lo p e n ta d ie n e .  S t i r r i n g  was co n ­
t i n u e d  a t  25°C f o r  Zk-J2  h r .  Workup o f  th e  r e a c t i o n  m ix tu re  c o n s i s t e d  
o f  rem ov ing  t h e  s o lv e n t  u n d e r  re d u c e d  p r e s s u r e ,  t a k i n g  th e  r e s id u e  up 
i n  m e th y le n e  c h lo r id e  and  f i l t e r i n g  t h e  s o lu t io n  th ro u g h  a  s h o r t  
colum n o f  n e u t r a l  a lu m in a . The s o lv e n t  was rem oved u n d e r  re d u c e d  
p r e s s u r e  and t h e  s o l i d  r e c r y s t a l l i z e d  from  m e th a n o l o r  e th a n o l .
The p ro c e d u re  f o r  th e  m o n o s u b s t i tu te d  and  p a r e n t  th io p h e n e  d io x id e  
c y c lo a d d i t io n s  t o  c y c lo p e n ta d ie n e  in v o lv e d  t h e  g e n e r a t io n  o f  t h e  t h i o ­
phene d io x id e  from  one e q u iv a l e n t  o f  t h e  3 ,U -d ibrom o p r e c u r s o r  an d  
s u b se q u e n t a d d i t i o n  o f  1 .2 - l .U  e q u iv a le n t  o f  f r e s h l y  d i s t i l l e d  c y c lo ­
p e n ta d ie n e  a t  -2 0 °C . The r e a c t i o n  m ix tu re  was k e p t  a t  -20°C  f o r  3 -5  
h r . ,  and  was th e n  p la c e d  i n  th e  f r e e z e r  f o r  12-2U  h r .  A f te r  rem o v a l 
o f  t h e  tr ie th y la m m o n iu m  b ro m id e  o r  sodium  b ro m id e  b y  vacuum f i l t r a t i o n  
th ro u g h  a  b ed  o f  n e u t r a l  a lu m in a  w i th  c h lo ro fo rm , t h e  s o lv e n t  was 
rem oved u n d e r  re d u c e d  p r e s s u r e  an d  th e  s o l i d  was r e c r y s t a l l i z e d  from  
e t h a n o l .
A d e t a i l e d  exam ple o f  e a c h  ty p e  o f  e x p e r im e n ta l  p ro c e d u re  i s  
p ro v id e d  b e lo w . The c y c lo p e n ta d ie n e  c y c lo a d d i t io n s  w ith  t h e  o th e r  
th io p h e n e  d io x id e s  a r e  s i m i l a r  t o  t h e s e  p ro c e d u re s  and a r e  c o l l e c t e d
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i n  T a b le  XVIa. E le m e n ta l a n a ly s i s  a r e  c o l l e c t e d  i n  T a b le  XVIb,
R e a c tio n  o f  3 -C h lo ro -i+ -m e th o x y th io p h en e  D io x id e  w i th  C y c lo p e n ta ­
d ie n e  . To a  10 m l a c e to n e  s o lu t io n  c o n ta in in g  O .3 I+ g (1 .6 9  mmol) 3 -  
c h lo ro -U -m e th o x y th io p h e n e  d io x id e  a t  25°C , 0 .1 3  g (1 .9 7  mmol) o f  f r e s h l y  
d i s t i l l e d  c y c lo p e n ta d ie n e  i n  5 ml a c e to n e  -was a d d ed . The r e a c t i o n  
m ix tu re  was s t i r r e d  f o r  20 h r .  The s o lv e n t  was rem oved Tinder re d u c e d  
p r e s s u r e  and th e  r e s id u e  was f i l t e r e d  th ro u g h  a s h o r t  a lu m in a  colum n 
w ith  m e th y le n e  c h l o r i d e .  Rem oval o f  s o lv e n t  u n d e r  re d u c e d  p r e s s u r e  
and r e c r y s t a l l i z a t i o n  fro m  m e th an o l g iv e s  0 .3  g (65$) o f  t h e  6 - c h lo r o -  
5 -m eth o x y -3 “t h i o t r i c y c l o [ 5 . 2 . 1 . 0 ] deca-l+ , 8 - d i e n e - 3 ,3 - d io x id e .
R e a c tio n  o f  T h io phene  D io x id e  w i th  Spiro[2.1+ ] h e p ta - l+ .6 - d ie n e . To 
a THF s o lu t io n  c o n ta in in g  3 .6 6  g (0 .0 1 3  mmol) o f  3 ,U - d ib r o m o - 2 ,5 - te t r a -  
h y d ro th io p h e n e  d io x id e  c o o le d  t o  - 2 0 ° ,  1 .9  g (0.01+8 mmol) o f  f i n e l y  
pow dered  sodium  h y d ro x id e  was added  and  t h e  r e a c t io n  was s t i r r e d  f o r  
1 .5  h r .  A c y c lo h e x a n e  s o l u t i o n  c o n ta in in g  1.1+7 g (0 .0 1 9  mmol) o f  
s p i r o [ 2 . l+ ]h e p ta -l+ ,6 -d ien e  was added  w h ile  t h e  te m p e ra tu re  was m a in ta in ed , 
a t  - 2 0 °  f o r  an  a d d i t i o n a l  h o u r  and th e  s o l u t i o n  was th e n  p la c e d  i n  th e  
f r e e z e r  f o r  15 h r .  The THF s o l u t i o n  was f i l t e r e d  th ro u g h  a  b ed  o f  
n e u t r a l  a lu m in a  w ith  m e th y le n e  c h l o r i d e .  Removal o f  th e  s o lv e n t  u n d e r  
re d u c e d  p r e s s u r e  and  r e c r y s t a l l i z a t i o n  from  m eth an o l g av e  1 . 6 2  g ( 60%) 
o f  th e  3 - t h i a - 1 0 -e th a n o - e n d o -t r i e y e l o [ 5 . 3 . 2 . 02 r6 ]deca-l+  ,8 - d i e n e - 3 ,3 -  
d lo x id e .
Thiophene Dioxide
2-Methyl
3-Phenyl
3-Methyl
P arent
Parent
Table XVIa. Thiophene Dioxide Cycloadditions to Cyclopentadiene,*
Time-Tenp Workup** Yield NMR (0 -d6)
12-25° C/HA1
r e c ry s t .  EtOH
12-25° re c ry s t .  EtOH
12-25° re c ry s t .  EtOH
12-25° C/NA1/benzene
B/EtOH
2 l°  C/HA/henzene
SCPD* R/EtOH
67%
m.p. 109-111°
10*
m.p. 115-117°
m.p.
60%
95-97°
65%
105-107°
60%
m.p. 107-109°
0.73 (d , J=9, IH ), 1.21 (d , J=9, IH ), 1 .6  ( s ,
3H), 2.25 (m, IH ), 2 .67  ( z ,  IH ), 2.91 Cm, IH ),
3.22 (dd, J = l ,  J=8 , IH ), 5 .0 (b s , IH ), 5-52
(dd, J=5.5 , 3) 6.32 (dd, J=5 .5 , 3)
0.81 (d , J=9, IH ), 1.21 (d , J=9, IH ), 2,18 Cm,
IH ), 2.99 (m, IH ), 3 .3  (ddd, J=8 , 1 , 2 , IH ),
3.17 (dd, J = l ,  8 , IH ), 5-1 (dd, J=3, 5 -5 ), 6.12
(bs, IH ), 6.11 (dd, J=5.5, 3, IH), 7 .0  Cm, 5H)
0.71 (d , J= 8 .5 , IH ), 0.97 (a , 3H), 1.22 (d , 
J= 8 .5 , IH ), 2,21 (m, IH ), 2.52 Cbdd, J=B,
1 , IH ), 2.91 (a, IH), 3.30 (ad, J = l,  8 , IB ),
5.16 (dd, J= 5 .5 , 3 , IH ), 5.52 (h8 , IH ), 6 .1 l 
(dd, J=5 .5 , 3 , IH)
0.71 (d , J=9, IH ), 1 ,18  (d , J=9, IH ), 2.19 
(m, IH ), 2,69 (am, IH ), 2.87 (m, IH ), 3.13 
(dd, J=8 , 1 , IH ), 5.29 (dd, J=7, 2 , IH ),
5.17 (dd, J=5, 3, l f l ) ,  5.76 (dd, J=7, 2 , l f l ) ,  
6.31 (dd, J=5, 3 , IH)
0.10 (» , 2H), 0 .3  Cm, 2H), 1.82 (b s , lf l) ,
2.10 ( s ,  IH ), 3.17 (a , IH ), 3.60 (dd, J=
15, 8 , IH), 5.67 dd, J=5, 13, IH), 5.75  
(dd, J=6 , 1 2 , IH ), 6 ,1 0  (ad, J=13, 5 ,  IH)
6.17 (ddd, J=12, 6 , 2 , IH)
IR (cm"1)
(CE2C12) 3030, 2960, 
1610, l l lO ,  1230, 
1130, 1080, 680
(CHZC12) 30I 5 , 2980, 
2080, 1660 , 1120, 
1260, l l lO ,  U 10,
680
(CHiCla) 30I 0 , 2970,
1610 . 1150 , 1315,
1310
(CH2C12 ) 3050, 
2970, 2880 , 1610 , 
1280, l l lO ,  810, 
680
(CHClj) 3010, 1610, 
1300, 1110, 1000, 
660
HO
OO
Table XVIa Continued.
Thiophene Dioxide Time-Temp
3,1*-Dimethyl 15-25°
2,1*-Dimethyl 2l*-25°
3,I*-Dichloro 1*0-25°
3-Chloro- It-nethoxy 30-25°
3-Isopropyl-l*-isopropenyl 1*8-25°
Workup”  Yield
C/HA1/benzene l*5S
R/EtOH m.p. 182-181*°
C/HA/benzene t*0!C
R/cyclohexane m.p. 116-118°
C/HAl/bensene 68it
R/EtOH m.p. ll*6-ll*7°
C/S/benzene 65%
R/cyclohexane/- m.p. 1T0-1T3° 
EtOH
C/S/benzene 60%
R/cyclohexane/- m.p. 58- 63° 
EtOH
HMR (0-d6) IR (cm*"1)
0.69 ( s .  3H), 0.98 ( s ,  3H), 1 .03 (d , J=9, IH ),
1.27 (d , J=9, IH ), l.E *  (m, IB ), 2.93 [be,
2H), 5.1*6 ( s ,  IB ], 5.57 (dd, J= 5 .5 , 3 , IH ),
6.37 (bd, J=5 .5 , IH)
0.99 (b s , 3H), 1.17 (d , J=9-5, IH ), 1 .38  (n , 
1*H), 2.13 (d , J=**, IB ), 2.27 (m, IH ), 2.66
Cm, IB ), 5.50 (sm, 2H), 6.53  (da, J= 5 .5 , 3 ,
IH)
1.28 (d , J=10, IB ), 1.1*7 (d , J=10, IH ), 2.68 
(m, 2H), 3.66 (d , J=l*. IB ), 5.52 (sm, 2H),
6.18 (dd, J= 5 .5 , 3 , IH)
1.38 (d ,  J=10, IH ), 1.58 {d , J=10, IH ), 2.61* 
( a ,  3H], 2 .82  (m, IH ), 2 .89  (m, IH ), 3.82 
Cd, J=lt, IH ), 1*.91 Cs, IH ), 5-57 Cad, J= 5 .5 , 
3 .5 ) 6.35 Cdd, J= 5 .5 , 3)
0 .60  Cd, J=7, 3H), 0.66 (d, J=7, 3H), 1.25 
Cd, J=9, IH ), 1 .37 (d , J= 9 .5 , IB ), 1.63 
Cm, 1*H), 2.77 (m, IB ), 2.97 Cm, IH ), 3.17 
Cd, J=»*, IH ), U.7l* (b s, 2H), 5.67 Cdd,
J=5 .5 , 3, IH ), 5.76 ( s ,  IH ), 6 .5 (dd, J= 5 .5 , 
3 , IB)
(CH2C I2 ) 3050 ,
29U0, 2880, 1630, 
1265, 1120, 1090, 
890 , 860 , 680
CCH2CI2) 3330,
2960 , 1620 , ll*10 , 
1260 , 1150, 1080 , 
860, 700
(CHCI3) 3019, 1600, 
1310, 1260, 1160 , 
1130, 1075, 960, 
915, 680, 850
(CHCI3) 3015, 2950, 
1620, ll*60, 1330, 
1310, 121*0, 1170, 
1120, 1000, 910,
860
(nea t) 3050, 2970 , 
161*0, 1620 , 11*50, 
1390, 131*0, 1300, 
111*0, 790
•A ll reac tio n s  a re  w ith cyclopentadiene un less sp ec ified  otherw ise 
»»C •= chromatography, BA1 = n e u tra l alumina, S = s i l i c a  g e l, R -  r e c ry s ta l l iz a t io n ,  
alumina w ith  benzene and r e e ry s te ll iz a tio n  i f  adduct from e thano l.
SCPD = spiro[2,l*]hepta-l* ,6-diene.
C/HAl/benzene/R/Ethanol = chromatography n e u tra l
HOyo
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T a b le  XVTb. E le m e n ta l  A n a ly s is  o f  T h io phene  D io x id e  
_________________ C y c lo p e n ta d ie n e  A d d u c ts .________________
 E le m e n ta l  A n a ly s is
C a lc ’d Found
3 ,U -D xm ethyl
2 ,U -D im e th y l
3 - is o p ro p y l- l+ - is o p ro p e n y l
3-MeO-U-Cl
P a re n t
2 -M eth y l
3 -M eth y l
3 -P h e n y l
Spiro-C PD  + P a r e n t
C: 6 2 .8 6 C: 6 3 .0 0
H: 6 .6 7 H: 6 .9 7
C: 6 2 .8 6 C: 6 2 .6 3
H: 6 ,6 7 H: 6 .9 5
C: 6 8 .1 8 Not y e t
H: 7 .5 8 a v a i l a b l e *
C: 1+8 ,6 9 C: 1+8.83
H: 1+.1+6 H: b . 5 5
C: 59 . 3b C: 59-28
H: 5 . b 9 H: 5 .7 8
C: 6 1 .2 2 C: 6 1 .3 2
H: 6 .1 2 H: 6.1+7
C: 6 1 .2 2 C: 6 1 .3 2
H: 6 .1 2 H: 6 .3 1
C: 6 9 .7 7 C: 6 9 .6 1
H: 5. 1+3 H: 5 .7 7
Not y e t  a v a i l a b l e
^Compound v e ry  d i f f i c u l t  t o  r e c r y s t a l l i z e .
Ill
P a r t  E . C y c lo a d d itio n s  o f  Thiophene D iox ides to  1 -M e th y lcy c lo p ro p en e .
The c y c lo a d d i t io n s  o f  th io p h e n e  d io x id e s  to  1 -m e th y lcy c lo p ro p en e  
u t i l i z e d  two ty p e s  o f  p ro c e d u re s  depend ing  on th e  s t a b i l i t y  o f  th e  
th io p h e n e  d io x id e  to w ard s  d ix n e r iz a t io n . The d i s u b s t i t u t e d  th io p h e n e  
d io x id e s  w ere d is s o lv e d  i n  THF o r  m ethy lene c h lo r id e ,  co o led  t o  -65°C . 
Then, u s in g  a  m o d if ie d  F is c h e r -A p p le q u is t888, p ro c e d u re  d e s c r ib e d  below , 
th e  cy c lo p ro p en e  i s  g e n e ra te d  and t r a n s f e r r e d  to  th e  co o led  f l a s k  in  
a  s tre am  o f  n i t r o g e n .  D uring  th e  6 h r .  r e q u ire d  f o r  com plete  g e n e ra t io n  
o f  th e  c y c lo p ro p en e , th e  r e a c t io n  f l a s k  was m a in ta in e d  a t  -65°C . When 
th e  g e n e r a t io n  was o v e r ,  th e  f l a s k  was s to p p e red  and p la c e d  in  th e  
f r e e z e r  f o r  10-12  h r .  As d e s c r ib e d  in  th e  exam ples be low , workup 
in v o lv e d  rem oval o f  th e  s o lv e n t  u n d e r reduced  p re s s u re  and chrom atography 
o f  th e  o i l  on n e u t r a l  a lum ina  w ith  cy clo h ex an e.
The more l a b i l e  p a re n t  and m o n o su b s ti tu te d  th io p h e n e  d io x id e s  w ere 
g e n e ra te d  from  th e  c o rre sp o n d in g  3 , U -d ib ro m o te trah y d ro th io p h en e  d io x id e s  
u s in g  th e  L eaver e t  a l . 15 p ro c e d u re . The th io p h e n e  d io x id e  s o lu t io n  
was s t i r r e d  w ith  b a se  f o r  1 -1 .5  h r .  a t  -20° and th e n  c o o led  to  -65°C in  
o rd e r  to  condense  th e  1 -m e th y lc y c lo p ro p e n e . The te m p e ra tu re  was m ain­
t a in e d  a t  -65°C  f o r  6 h r .  u n t i l  t h e  g e n e ra tio n  o f  th e  c y c lo p ro p en e , 
d e s c r ib e d  b e lo w , was co m p le te . A f te r  c o o lin g  in  th e  f r e e z e r  f o r  10-12 
h r , , th e  r e a c t io n  m ix tu re  was vacuum f i l t e r e d  th ro u g h  a  bed o f  n e u t r a l  
a lum ina  and th e  s o lv e n t  was rem oved u n d e r red u ced  p re s s u re  t o  y i e l d  a  
p a le  y e llo w  o i l .  The o i l  was chrom atographed on n e u t r a l  a lum ina  
u s in g  cy c lo h e x a n e , and th e  s o lv e n t  was removed u n d e r red u ced  p re s s u re  
to  y i e l d  a  c o lo r l e s s  o i l .
A lthough  t r i e th y la m in e  and m eth y len e  c h lo r id e  can  be u sed  as
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a  b a s e / s o lv e n t  s y s te m , t h e  p ro c e d u re  h a s  t o  b e  m o d if ie d  t o  in c lu d e  an  
aqueous w orkup so  t h a t  t h e  tr ie th y la m m o n iu m  b ro m id e  can b e  rem oved 
from  th e  c ru d e  p ro d u c t .
S in c e  a l l  o f  t h e  r e a c t i o n s  in v o lv e d  one o r  t h e  o th e r  p ro c e d u re s  
o u t l i n e d  a b o v e , o n ly  one d e t a i l e d  exam ple o f  e ac h  p ro c e d u re  w i l l  b e  
p r e s e n te d .  A l l  t h e  o th e r  c y c lo a d d i t io n s  have  b e e n  sum m arized i n  ta b u ­
l a r  form  c o n ta in in g  r e a c t i o n  c o n d i t io n s  and p ro d u c t  d a ta  i n  T a b le  X V II.
The r e g io is o m e rs  o f  e a c h  r e a c t i o n  w ere  p r e p a r a t i v e l y  s e p a r a te d  
b y  VFC w ith  a  30 f t .  colum n o f  15# MNFN/15# TUB on ch ro m .P .
R e a c tio n  Of 3 - I s o p ro p y l -U - is o p ro p e n y l th io p h e n e  D io x id e  w i th  1 -  
M e th y lc y c lo p ro p e n e . A ro u n d  b o tto m  f l a s k  was c h a rg e d  w i th  1+0 m l o f  
THF, 0 .2  g C l .01 mmol) 3- i s o p r o p y l- U - is o p r o p e n y l th io p h e n e  d io x id e ,  
f lu s h e d  w i th  n i t r o g e n ,  and c o o le d  t o  - 6 5 °C. The 1 -m e th y lc y c lo p ro p e n e  
was g e n e r a te d  u s in g  th e  p ro c e d u re  o f  F i s h e r  and  A p p le q u is t . 88& However, 
th e  colum n p a ck e d  w i th  g l a s s  h e l i c e s  u s e d  in  t h e i r  p ro c e d u re  w as 
r e p la c e d  w i th  a  r e f l u x  c o n d e n s e r ,  and  t h e  n i t r o g e n  s tre a m  c o n ta in in g  
th e  c y c lo p ro p e n e  was n o t  p a s s e d  th ro u g h  a  s u l f u r i c  a c id  b a th  o r  
c a lc iu m  s u l f a t e  colum n b u t  was c o n n e c te d  d i r e c t l y  t o  th e  f l a s k  c o o le d  
t o  -6 5 °C . The g e n e r a t in g  f l a s k  was c h a rg e d  s e q u e n t i a l l y  w i th  50 ml 
o f  THF, 2 .0  g (5 1 .3  mmol) o f  sodium  am ide and  f i n a l l y  U.23 g (^ U .7  mmol) 
o f  3 - c h l o r o - 2 - m e th y l - l - p r o p e n e  was added  r a p i d l y  t o  t h e  s l u r r y .
T h is  m ix tu re  was b ro u g h t t o  a  g e n t l e  r e f l u x  w h ile  n i t r o g e n  was sw ep t 
th ro u g h  t h e  g e n e r a t in g  sy s te m  an d  i n t o  t h e  c h i l l e d  r e c e i v e r  c o n ta in in g  
th e  th io p h e n e  d io x id e .  The r e f l u x  and  c h i l l e d  f l a s k  w ere m a in ta in e d  
f o r  6 h r ,  a t  w h ich  tim e  t h e  c h i l l e d  f l a s k  was s to p p e r e d  an d  p la c e d  
o v e rn ig h t  i n  t h e  f r e e z e r .  The s o lv e n t  was rem oved u n d e r re d u c e d
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p r e s s u r e ,  and  th e  r e s u l t i n g  o i l  was ch rom atog raphed  on n e u t r a l  a lum ina  
w i th  c y c lo h e x a n e . Removal o f  th e  e lu t in g  s o lv e n t  u n d e r re d u c e d  
p r e s s u r e  gave  a  6j  ± 5 :3 3  -  5 m ix tu re  o f  H - is o p ro p y l-3 - i s o p r o p e n y l - l -  
m e th y l and 3 - i s o p r o p y l - U - i s o p r o p e n y l - l - m e th y l - l , 3 , 5- c y c lo h e p ta t r i e n e  
i n  a  60% y i e l d .
R e a c tio n  o f  2 -M e th y lth io p h e n e  D io x id e  w ith  1 -M e th y lc y c lo p ro p e n e .
A s o lu t io n  o f  U.O g (1 3 .7  mmol) o f  3 ,1+ -  d i t  romo- 2 - m e th y l te t r a h y d r o th io -  
phene d io x id e  i n  ml THF was c o o le d  t o  -2 0 °C . F in e ly  pow dered sodium  
h y d ro x id e  1 .5  g (37*5 mmol) was ad d ed , and th e  m ix tu re  was s t i r r e d  
u n d e r n i t r o g e n  f o r  1 h r .  The f l a s k  was ta k e n  from  th e  -2 0 °  "bath, 
p la c e d  in  a  -65°C  b a th ,  and  co n n ec ted  t o  th e  cy c lo p ro p en e  g e n e r a to r .
U sing  th e  m o d if ie d  F is h e r -A p p le q u is t  p ro c e d u re  d e s c r ib e d  a b o v e , th e  . 
g e n e r a to r  was c h a rg e d  w ith  50 ml THF, 1 .3  g (3 3 .3  mmol) o f  sodium  amide 
fo llo w e d  by th e  r a p id  a d d i t io n  o f  3 g {33.3  mmol) o f  3 - c h lo r o - 2-m e th y l-  
1 -p ro p en e  t o  th e  s l u r r y .  A f te r  a d d i t i o n ,  r e a c t i o n  m ix tu re  was b ro u g h t t o  
a  g e n t l e  r e f l u x . The c o o lin g  and n i t r o g e n  flo w  w ere m a in ta in e d  f o r  6 h r . ,  
and th e  f l a s k  was s to p p e re d  and p la c e d  in  th e  f r e e z e r  f o r  12 h r .  The 
s o lu t io n  was vacuum f i l t e r e d  th ro u g h  a  bed  o f  n e u t r a l  a lu m in a , and 
th e  s o lv e n t  was rem oved u n d e r re d u c ed  p r e s s u r e  t o  y i e l d  1 . 3  g c ru d e  
p ro d u c t .  C hrom atography on a lu m in a  u s in g  c y c lo h e x a n e , fo llo w e d  by 
e v a p o ra tio n  o f  t h e  s o lv e n t  u n d e r re d u c e d  p r e s s u r e  gave  0 . 9  g o f  a  
53 ± 5 :^ 7  ± 5 m ix tu re  o f  1 , 2-  and 1 , 5-d im e th y 1- 1 , 3 , 5- c y c lo h e p ta t r i e n e  
i n  55# y i e l d . 8 9 ’ 90
Table XVII. Cycloadditions of l-Methylcyclopropene to Thiophene Dioxides.
Thiophene Dioxide 
2-Methyl1*
Tine1 Workup^
1-6-15 C/NA1/cyclohexane
Yield
55*1*
3-Methyl 1-6-15 C/NAl/cyclohexane
3-IsopropyL-it-isopropenyi 0-6-15 C/NAl/cyclohexane 60 f 5
R atio of 
CHT Isomers3
1 ,2/1,5 = 
53±5A7±5
1 .3 /1 ,1* = 
58±5/l»7*5
l,Jt/l,33t
67±5/33±5
smr (a) IR
1 ,2 6 1.85 {s, 3E), 1.98 ( s ,  3H), 2.28 td , 
J=7, 2H), 5.E8 (dd, J=10, 7 , 1H),
6.09 (dd, J=10, 5 , 1H), 6.37 (da, J=
11, 5, IB ), 6 .5  (d , J= 11, IB)
1 ,5 6 1.88 ( s ,  3H), 2 .0  ( s ,  3H), 2.25 (d, 
J=7, 2H), 5.18 Cbt, J=7, 1H), 5.90
(bs, IE ) , 6.38 (b s, 2H)
1 .3 6 1.98 (a , 3H), 2 .0  ( s ,  3H), 2.31 td , 
J=7, 2H), 5.32 (dd, J=7, 9 , 1H), 5.83 
( s ,  1H), 6.05 {dd, J=9, 6, H i) ,
6.23 (d , J=6, IB)
l , l t 6 1.95 t s ,  3H), 2 .0  ( s ,  3H), 2 .3  (a,  
J=7, 2B), 5.36 Cdd, J=7, 10, 1H),
5.87 U ,  J=6, 1H), 5.97 (d , J=10,
1H), 6.26 (d , J=6, 1H)
l . l t 7 i.ll*  [d , J=7, 6h), 1 .8 3  ( s ,  3H),
1.08 ( s ,  3K), 2 . it td , J=7, 2H),
3.07 (h , J=T, IB ), E.86 tb s , 1H),
5.0 tb s , IE ) , 5-33 (dd, J=10, 7 ,
1H), 5-97 ( s ,  1H); 6.0lt [d , J=10,
1H)
1 .3 7 l .H t td ,  J=7, 6h) ,  1.79 £s, 3H),
1.88 ( s ,  3H), 2 . It (a, J=7, 2H),
3,05 (h , J=7, 1H), it .86 (b s , IB ),
5-0 (b s , 1H), 5.*»1 (dd, J=10, 7 , IB ),
5.81* ( s ,  1H), 6.13 (d , J=10, 1H)
i r  (film ) 30B0, 
3020, 2960, 2820,
1630 , lltltO, 1370 , 
895, 855, 770,
670
£
Table XVII Continued.
R atio  o f
Thiophene Dioxide Time1 Workup2 Yield CHT Isomers3 NMR { & )_______________
3-Chloro-lwnethoxr 0-6-15 C/HAl/benzene 70*5 l,3 /l,* * 3C = 1 ,3 7 1.5T ( s ,  3H), 2.0T td ,  J=7, 2H), 3.33
83±5/lT±5 t s ,  3H), h.97 (dd, J= 9 .5 , 7 , IB ),
5,6h ( s ,  IB ), 6 .3  (d , J= 9 .5 , IB)
1,1»7 1.57 ( s ,  3H), 2.06 (d , J=7, 2H), 3.33
t s ,  3H), 5.18 (dd, J= 9 .5 , 7 , IB ),
5.82 (d , J= 9 .5 , 1H), 6.12 ( s ,  1H)
iTime A-B-C. A = Time fo r  generation  o f Th from th e  3,l*-dibrom o-2,5-tetrshydrothiopbene d io x id e , B = tim e fo r  generation  and condensation 
o f cyclopropene, C = tim e in  f re e z e r .
2C a  chromatography, MAI = n e u tra l alumina, S = s i l i c a  g e l j  e . g . ,  C/S/benzene = chromatographed on s i l i c a  g e l using benzene.
3(a) Separation  o f  the  isomers vas achieved on a  30 f t .  MHPH column doped w ith 10S TUB r a t io s  were deta ined  from in te g ra tio n  of the 
o r ig in a l NMH m ixtures, (b) l , ! i / l , 3  means l-m e th y l-1t-isap ropy l-3 -isop ropeny l-/l-m ethy l-3 -isop ropy l-l(-isop ropei]y l-. (c) 1,3/1,** means 1-m ethyl-
3-chloro-U -aethoxy-l/l-m ethyl-*»-chloro-3-aethoxy.
''E lem ental an a ly sis  not performed because compounds rep o rted  prev iously  in  th e  l i t e r a t u r e . 89,90
^Elemental A nalysis no t y e t a v a ila b le .
6CDC13.
7Benzene-dg.
IR
i r  (film ) 3030, 
2975 , 2935, 28*»0 , 
1635, 1535, iW O, 
1300, 1255, 1220, 
11**5, 1010, 985, 
960, BhO
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P a r t  F . A ttem p ted  M isc e lla n e o u s  C y c le a d d it io n s  o f  T h iophene D io x id e s
T h is  l a s t  s e c t io n  i s  a  c o l l e c t i o n  o f  a t te m p ts  t o  o b ta in  c y c lo -  
a d d u c ts  be tw een  e l e c t r o n - r i c h  o l e f i n s  and some th io p h e n e  d io x id e  de­
r i v a t i v e s .  The f i r s t  s e r i e s  o f  r e a c t i o n s  a r e  a t te m p te d  c y c lo a d d i t io n s  
o f  e th y l  v in y l  e t h e r  t o  3 - .e th y l -  and 3 ,^ -d im e th y lth io p h e n e  d io x id e .
The l a s t  two e x p e r im e n ta l  p ro c e d u re s  a r e  f o r  th e  a t te m p te d  c y c lo ­
a d d i t io n s  o f  l - p y x r o l id in e - 2 - m e th y l - l - p r o p e n e  and l-N ,H -d ie th y la m in o ~
1 ,3 -b u ta d ie n e  t o  3 ,U -d im e th y lth io p h e n e  d io x id e .
A ttem p ted  C y c lo a d d it io n s  o f  E th y l  V in y l E th e r  t o  3 -E th y l th io p h e n e  
D io x id e . To a  s o lu t io n  o f  3 ,^ - d ib r o m o -3 - e th y l- te t r a h y d r o th io p h e n e  
d io x id e ,  10 g (3 ^ .2  mmol) i n  50 ml m e th y len e  c h lo r id e  a t  0°C 10 g 
( 0 . 1  m ol) t r i e th y la m in e  was ad d ed , an d  th e  s o lu t io n  was s t i r r e d  f o r  
-2  h r .  a t  U°C. T h is  s o l u t i o n  was f i l t e r e d  in to  a  f l a s k  c o n ta in in g  16 
g ( 0 .2 2  m ol) o f  e th y l  v i n y l  e t h e r ,  and  th e  m ix tu re  was s t i r r e d  a t  
25°C f o r  20 h r .  The s o lv e n t  was rem oved u n d e r re d u c e d  p r e s s u r e ,  a n d , 
u s in g  30  m l o f  m e th y len e  c h l o r i d e ,  t h e  r e s id u e  was t r a n s f e r r e d  t o  a  
s e p a r a to r y  fu n n e l  and d i l u t e d  w ith  50 ml d i e th y l  e t h e r .  The o rg a n ic  
l a y e r  was w ashed w ith  d i s t i l l e d  w a te r ,  1 0 $ sodium  b ic a r b o n a te ,  
s a t u r a t e d  sodium  c h l o r i d e ,  and th e n  d r i e d  o v e r c a lc iu m  s u l f a t e .
Removal o f  th e  s o lv e n t  u n d e r  re d u c e d  p r e s s u r e  gave 2 .7 7  g c ru d e  d im er 
o f  3 - e th y l th io p h e n e  d io x id e ,
To a  s t i r r e d  s o l u t io n  o f  5 g (17 mmol) o f  3 , ^ - d i b r o m o - 3 - e th y l t e t r a -  
h y d ro th io p h e n e  d io x id e  i n  k0  ml c h lo ro fo rm , 20  ml (0 .3 7  m ol) e th y l  
v in y l  e th e r  was added  an d  t h e  s o lu t io n  was c o o le d  t o  0°C , A s o lu t io n  
o f  6 g (.59 mmol) t r i e th y l a m in e  in  5 m l c h lo ro fo rm  w as s lo w ly  added 
o v e r  a  p e r io d  o f  30 m in . A f te r  2 h r ,  a t  0°C , t h e  r e a c t i o n  was w orked
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u p .  The w orkup was i d e n t i c a l  t o  t h e  p r e v io u s  p r o c e d u r e ,  and  g av e  1 .0  g 
c ru d e  3 ~ e th y l th io p h e n e  d io x id e  d im e r.
To a  r e f l u x i n g  s o l u t i o n  c o n ta in in g  10 m l (.0 .13 m o l) p y r i d i n e ,  10 
m l ( 0 , l 8 m ol) o f  e th y l  v i n y l  e t h e r  an d  10  ml c h lo ro fo rm , 5 g (17 mmol) 
3 ,^ - d ib r o m o - 3 - e th y l t e t r a h y d r o th io p h e n e  d io x id e  d i s s o lv e d  i n  10  m l 
c h lo ro fo rm  i s  a d d e d , and  t h e  r e f l u x  i s  c o n t in u e d  f o r  an  a d d i t i o n a l  10 
h r .  The w orkup was t h e  same a s  i n  t h e  p r e v io u s  p ro c e d u re  e x c e p t  t h a t  
t h e  r e s id u e  was p la c e d  u n d e r  a  vacuum f o r  5 h r . ,  and g av e  0 . 3 6  g o f  t h e
3 - e th y l th io p h e n e  d io x id e  d im e r.
A tte m p te d  R e a c tio n  o f  E th y l  V in y l E th e r  w i th  3 . U -D im e th y lth io p h e n e  
D io x id e . A s e a le d  NMR tu b e  c o n ta in in g  0 .1  g ( 0 .6  mmol) 3 ,^ - d im e th y l -  
th io p h e n e  d io x id e ,  0 . 1  g ( 1 . 5  mmol) e t h y l  v i n y l  e th e r  and  “ 2 m l d e u te r o -  
c h lo ro fo rm  was h e a te d  a t  50°C an d  m o n ito re d  p e r i o d i c a l l y  f o r  k d a y s .
No r e a c t i o n  was o b se rv e d  and o n ly  s t a r t i n g  m a t e r i a l  w as r e c o v e re d .
R e a c tio n  o f  3 ,U -D im e th y lth io p h e n e  D io x id e  w ith  l - P y r r o l i d i n o - 2 -  
m e th y l - l - p r o p e n e . A s e a le d  NMR tu b e  c o n ta in in g  0 .1 5  g ( l . O l  mmol) 3 ,^ -  
d im e th y lth io p h e n e  d io x id e ,  0 . 1 2  g 9*10  mmol) l - p y r r o l i d i n o - 2-m e th y l-  
1- p r o p e n e ,  an d  ~2 m l d e u te ro b e n z e n e  was h e a te d  a t  7 0 - 8 0 ° f o r  a b o u t U 
d a y s .  H e a tin g  was c o n t in u e d  u n t i l  t h e  NMR sp e c tru m  d id  n o t  ch an g e  
f u r t h e r .  Rem oval o f  s o lv e n t  u n d e r  r e d u c e d  p r e s s u r e ,  fo l lo w e d  by  
ch ro m a to g rap h y  on  a lu m in a  w i th  b e n z e n e /e th y l  e t h e r  g av e  0 .0 8  g o f  t h e
3 -m e th y le n e -2 -m e th y l-3  , l t - d ih y d ro th io p h e n e  d i o x i d e . 88
R e a c t io n  o f  3 , ^ -D im e th y lth io p h e n e  D io x id e  w ith  1 -D ie th y la m in o -
1 , 3 - b u ta d ie n e . To a  10 m l b e n z e n e  s o l u t i o n  c o n ta in in g  0 .3 ^  g  (2 .U  
mmol) 3 , I t-d im e th y lth io p h e n e  d io x id e  a t  lt°C , .3 5  g ( 2 .8  mmol) o f  1 -N ,N -
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d ie th y la m in o -1 ,3 -b u ta d ie n e  was ad d ed . The m ix tu re  was s t i r r e d  a t  25°C 
f o r  2k  h r .  a t  w hich  tim e  0 .^  g ( 2 .8  mmol) o f  m e th y l io d id e  was added to  
t r a p  any  am in es , and th e  r e a c t i o n  m ix tu re  a llo w ed  to  s t i r  f o r  a n o th e r  
30 m in . The r e a c t i o n  m ix tu re  was t r a n s f e r r e d  t o  a  s e p a r a to r y  fu n n e l 
c o n ta in in g  5% aqueous p o ta ss iu m  h y d ro x id e . The s o lu t io n  was e x t r a c te d  
3 t im e s  w ith  50 m l m e th y len e  c h lo r id e  and d r i e d  o v e r c a lc iu m  s u l f a t e ,  
Removal o f  th e  s o lv e n t  u n d e r  re d u c e d  p r e s s u r e  gave 0 .3 0  g o f  c ru d e
3-m e th y le n e -2-m e th y l-3 ,^— d ih y d ro th io p h e n e  d io x id e , 30 w hich  was i d e n t i ­
f i e d  by  i t s  NMR sp ec tru m .
I. IHTRODUCTIOH
The D ie ls - A ld e r  r e a c t i o n  h a s  "been s t u d i e d  e x te n s iv e ly  "both e x p e r i ­
m e n ta l ly  and t h e o r e t i c a l l y  s in c e  i t s  d is c o v e r y  in  1 9 2 8 . 97 S in c e  t h a t  
t im e ,  two d i f f e r e n t  i n t e r p r e t a t i o n s  o f  t h e  e x p e r im e n ta l  r e s u l t s  have  
em erged . One g ro u p  o f  c h e m is ts 9 8 *125  h a s  i n t e r p r e t e d  th e  d a ta  i n  te rm s  
o f  a  s te p w is e  m echanism  (A) p ro c e e d in g  th r o u g h  a  h i r a d i c a l  in te r m e d ia te  
( a ) .  The o th e r  g ro u p  o f  c h e m is ts 9 9 -1 0 2  h a s  r a t i o n a l i z e d  th e  r e p o r te d  
d a ta  i n  te rm s  o f  c o n c e r te d  p ro c e s s  (B) w ith  a  s in g l e  t r a n s i t i o n  s t a t e  
h a v in g  "bonding a t  "both s e t s  o f  t e r m in i  ( h ) :
R e a c tio n  C oord.
F ig u re  1 . P o t e n t i a l  e n e rg y  c u rv e s  f o r  c o n c e r te d  and s te p w is e  
D ie ls - A ld e r  r e a c t i o n s .
The b i r a d i c a l  i n t e r p r e t a t i o n  o f  t h e  D ie ls - A ld e r  r e a c t i o n  h a s  been  
a rg u e d  on th e  b a s i s  o f  s u b s t i t u e n t  e f f e c t s  a s  w e l l  a s  th e  a b i l i t y  to
T .
r e i n t e r p r e t  t h e  e x p e r im e n ta l  6-d e u te r iu m  i s o to p e  e f f e c t s . ae The i s o ­
to p e  e f f e c t s  f o r  t h e  D ie ls - A ld e r  r e a c t i o n  and  some r e t r o  D ie ls - A ld e r
r e a c t i o n s  a r e  c o l l e c t e d  i n  T a b le  l a  an d  l b  r e s p e c t i v e l y : 1 0 3 -105  
T ab le  l a .  D eu terium  I s o to p e  E f f e c t s  f o r  some D ie ls - A ld e r  R e a c t io n s .
S u b s t i t u t e d  
+ E th y le n e s
U.
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1 2 0
Table I continued:
U E th y le n e  T(°C) k^/k^/A tom
D MA . 25°C 0 .9 ^
D TONE 0 ,9 ^
H d 2-MA 0 .9 5
+ E th y le n e
s t l  s2 E th y le n e T(°C ) kg/kp/A tom
D D MA 25° 0 .9 2 -0 .9 3
H H d2-MA 25° 0 .9 9
H ch2 d2-MA 25° 0 .97
a ) M ale ic  a n h y d r id e .
b ) T e tra c y an o  e th y le n e .
The 3 -d e u te r iu m  i s o to p e  e f f e c t s  a r e  in v e r s e  f o r  t h e  fo rw a rd  
[U + 2 ] r e a c t io n s  and n o rm al f o r  th e  r e t r o  TU + 2] r e a c t i o n s .  These 
r e s u l t s  h av e  been  r e i n t e r p r e t e d  by Dewar e t  a l . 9et> i n  te rm s  o f  a  tw o - 
s te p  p r o c e s s .  U n f o r tu n a te ly ,  th e  i n t r i c a t e  c a lc u la t io n s  by Dewar 
e t  a l .  w ere  p e rfo rm ed  o n ly  on th e  d i r a d i c a l  t r a n s i t i o n  s t a t e .  T h ere ­
f o r e ,  no c o n c lu s iv e  c o m p u ta tio n a l r e s u l t  c an  b e  o f f e r e d  b e c a u se  th e  
v a lu e s  e x p e c te d  f o r  th e  c o n c e r te d  t r a n s i t i o n  s t a t e  rem a in  unknown.
Thus th e  l a b e l l i n g  e x p e rim en ts  o f  S e l t z e r 10** on th e  m a le ic  a n h y d rid e  
ad d u c t o f  2 -m e th y lfu ra n  a r e  th e  c r i t i c a l  t e s t  o f  th e  r e t r o  D ie ls -A ld e r
t r a n s i t i o n  s t a t e  sym m etry (T ab le  l b ) .
T able l b .  D euterium  I s o to p e  E f f e c ts  f o r  some R e tro  D ie ls - A ld e r  R e a c tio n s .
X Y Z P kjj/kp/Atojii
1 H H H H
11 D D H H 1 .0 3
h i H H D H l.ClS
IV D H H H
V H D H H
VI H H H D 1 .0 3
T a b le  l b  c o n tin u e d  on n e x t  p ag e .
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£  ^  R e tro  D ie ls - A ld e r ,  lo s e  c i s - t (u ) C  = c ( u ) t
^  v S t  U TCC°) 1^/1^ /A tom
D CN CN 50° 1 .0 9
H D D  50° 1. 08
o ,
He r e p o r te d  th e  r a t i o  o f  th e  k ^ / k ^  t o  "be 1 .0 .  U n le ss  t h e r e  i s  some 
v e ry  s u b t l e  f o r c e  c o n s ta n t  co m p en sa tio n  w i th in  th e  two is o m e rs ,  th e s e  
e x p e r im en ts  would i n d i c a t e  t h a t  t h i s  r e t r o  D ie ls - A ld e r  r e a c t io n  i s  
concerted.*® ®  The r e le v a n c e  t o  th e  fo rw ard  r e a c t i o n  assum es m ic ro sc o p ic  
r e v e r s i b i l i t y  o f  t h e  r e t r o - D ie l s - A ld e r  r e a c t io n  .11+7 Thus th e  s i t u a t i o n  
s t i l l  a p p e a rs  to  be  in d e te rm in a te  b e c a u se  th e  a v e ra g e  k ^ /k ^  e f f e c t s  
may in d e e d  mask any  d e v ia t io n s  from  a  sy m m etrica l t r a n s i t i o n  s t a t e .
The c o r r e l a t i o n  betw een  th e  IP  o f  a  b u ta d ie n e  and th e  EA o f  an 
o l e f i n  w ith  th e  r a t e  o f  t h e  D ie ls -A ld e r  r e a c t i o n  h a s  been  e s ta b ­
l i s h e d . 1 0 5 ’ 107 T hu s, th e  m ore e le c t r o n  d e f i c i e n t  th e  s u b s t i t u t e d  
o l e f i n  a n d /o r  th e  m ore e le c t r o n  r i c h  th e  b u ta d ie n e  th e  lo w er th e  
a c t i v a t i o n  en e rg y :
T ab le  I l a  E f f e c t  o f  E le c tro n -w ith d ra w in g  o l e f i n s  on th e  R ate  
___________ o f  a  Normal D ie ls -A ld e r  R e a c tio n .
O / O
a t 20°C
Ethylene k(l/m ol-sec) kpgi CHz=CHz
1-cyano l.(A  * 10"5 3.9 * lO** X = 3.9 * 104
E-l,2-dicyano 8.1 * 10 11
oy - 7  g x 10
Z-l,2-dicyano 9-1 * 10 4 3.55 x 106 X2 = l ! s  * 109
1,1-dicyano 1+.55 x 10 1 1.78 x 109
1 ,1 ,2 -tricyano  Jt.8 x 10° 1.88 * 1010 ^3 _ 1013
s 1 5 x 10  ^
Tetraeyano U.3 x 102 1 .6 8  * 1012 ^4* _ g x io 1E
*Value obtained by Devar e t  a l . . our value 3.31 x lO4
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F o r t h e  i n v e r s e 11*8 D i e l s - A l d e r  r e a c t i o n s  o f  h e x a c h lo ro c y c lo p e n ta d ie n e
108th e  c o n v e rse  o f  t h e  a b o v e  o b s e r v a t io n  s h o u ld  a p p ly :
i
T a b le  l i b  C om parison o f  O i e f i n  E l e c t r o n ic  C h a r a c te r  on  t h e  R ate  o f  an 
I n v e r s e  D i e l s —A X der R e a c tio n  (A) w ith  a  Normal D ie ls - A ld e r  
___________ R e a c tio n  (B ) ._______________ ____________________ ____________________
C16
Both i n  Dioxane a t  130°C
A B
Dienophile k x io e k x 106
CPD 1.52 x lO* -----
p-MeO-0-CH = CH2 1.58 x 103 5 . 0  x 1 0 1
0-CH = CH2 7.93 x lO* T.O x 1 0 1
p-NO2-0-CH = ch2 5.38 x 102 6 . 0 2  x 102o 3.33 x io 2o 5 .9  x 1 0 1 7.8
MA* 2.9 x i q I l .U l x 106
*Maleic an h y d rid e .
The Dewar e t  a l . 9 8 i n t e r p r e t a t i o n  o f  S a u e r 's 108 c y a n o e th y le n e  
a d d i t io n s  t o  c y c lo p e n ta c L i ene was am b ig u o u s . T h is  ty p e  o f  a n a ly s i s  o f  
s u b s t i t u e n t  e f f e c t s  h a s  "been e f f i c i e n t l y  u t i l i z e d  by  G assm an109 e t  a l .  
i n  t h e i r  s tu d y  o f  t h e  a n t i - 7- n o r b o r n y l - ( p ) - n i t r o b e n z e n e  s o l v o l y s i s .
P N B - O ^  Pl VB- 0 P N B - 0
a  a G
The s t a b i l i z a t i o n  b y  t h e  mono m e th y l d e r i v a t i v e  w ould  b e  AAGi and  
p o s s e s s  a  r e l a t i v e  r a t e  Is^ -A q = X. I f  t h e  second  m e th y l  e x e r te d  a
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c u m u la tiv e  s t a b i l i z i n g  e f f e c t ,  t h e n  AA(^2  ~ 2AAG^i and  = -^2 »
o th e r w is e  th e  e f f e c t  w ou ld  h e  s t a t i s t i c a l  and  k ^ / k ^  -  2X. Gassmann 
e t  a l .  r e p o r t e d  a  r e l a t i v e  r a t e  k ^ / k ^ .  = 1 3 .3  and  k ^ ^ j / k j  ~ lU 8 , c l e a r l y  
i n d i c a t i n g  th e  e f f e c t s  o f  th e  seco n d  m e th y l  w ere  c u m u la tiv e  and  n o t  
s t a t i s t i c a l .
A p p l ic a t io n  o f  t h i s  p r i n c i p l e  t o  S a u e r ’ s cyano e th y le n e  a d d i t i o n s  
t o  c y c lo p e n ta d ie n e  i s  shown i n  t h e  r i g h t  colum n o f  T a b le  I l a .  T hese  
r e s u l t s  i n d i c a t e  a  s l i g h t  c u m u la tiv e  e f f e c t  and  th u s  im p ly  a n  asym­
m e tr ic  t r a n s i t i o n  s t a t e . 129  H ow ever, t h e  i n t e r m e d ia te  v a lu e s  o f  t h e  
r e l a t i v e  r a t e s  a r e  n o t  d e c i s i v e  enough t o  f a v o r  a  s te p w is e  o r  sy n ­
ch ro n o u s  i n t e r p r e t a t i o n  o f  t h e  s u b s t i t u e n t  e f f e c t s .  A c o n c e r te d
i n t e r p r e t a t i o n  i s  s u p p o r te d  by  t h e  t h e o r e t i c a l  s tu d y  o f  Houk e t  a l .
CL2 CL2 + CS*-
Houk an d  M unchausen p l o t t e d  g ra p h s 11+9 o f  jp _ EA_c~ an d  jp_e5uC  VS*
1
_ -  "  and  fo u n d  a  b e t t e r  c o r r e l a t i o n  w i th  o b s e rv e d  s u b s t i t u e n t  e f f e c t s
°L 2 + CS2f o r  t h e  tw o -en d  i n t e r a c t i o n  jP  EA-C * » d e s p i t e  t h e o r e t i c a l
e f f o r t s ,  t h e  a p p a re n t  e x p e r im e n ta l ly  o b s e rv e d  e f f e c t  o f  s u b s t i t u e n t s  
on t h e  r a t e  o f  th e  D ie ls - A ld e r  r e a c t i o n  a r e  in te r m e d ia te  b e tw ee n  th e  
v a lu e s  e x p e c te d  f o r  t h e  sy n ch ro n o u s  and  s te p w is e  m e c h a n is t ic  e x t r e m e s .
The e x p e r im e n ta l  r e s u l t s  o f  p r e s s u r e  e f f e c t s  on  r a t e s  o f  v a r io u s  
D ie l s - A ld e r  r e a c t i o n s  h a v e  b e en  r e p o r t e d  b y  s e v e r a l  g ro u p s  an d  c o d i f i e d  
by  LeN oble e t  a l .  i n  t h e i r  re v ie w 119  o f  a c t i v a t i o n  v o lu m e s . The 
v a lu e s  o f  t h e  a c t i v a t i o n  volum es (AV ) f o r  t h e  D ie l s - A ld e r  r e a c t i o n  
ra n g e  fro m  -5 0  t o  -30cm 3/m o l. The s o lv e n t  e f f e c t s  on t h e  a c t i v a t i o n
J  at
v o lu m e s , AV , a r e  g e n e r a l l y  sm a ll a n d  t h e  r a t i o s  o f  AV /AV a r epah
b e tw ee n  0 .7 - 1 .7 .  T h ese  r e s u l t s  h a v e  b e e n  i n t e r p r e t e d  i n  te rm s  o f  a  
tw o -en d  c o n c e r te d  m echanism  f o r  t h e  D ie ls - A ld e r  r e a c t i o n .
An im p o r ta n t  p i e c e  o f  e v id e n c e  f o r  t h e  c o n c e r te d  n a tu r e  o f  t h e
12k
D ie ls -A ld e r  r e a c t io n  i s  S t e w a r t 's 111 s tu d y  o f  th e  p re s s u re  e f f e c t s  on 
th e  p ro d u c t d i s t r i b u t i o n  r e s u l t i n g  from  c h lo ro p re n e  d im e r iz a t io n :
.3
Range o f  AV5* = - 5 k -----30“ -mol
..cur
c i
Cl
3
Cl
Cl
$  C l
P re s s u re P ro d u c t D is t r ib u t io n
atm l a lb  + 5 k 2 3
1 1*2 .0 1 2 .0 1 3 .0 17 16
2 .5  x 1 0 3 2 0 .0 8 .0 7 .0 33 23
5 .0  x 1 0 3 1 0 .5 6 . 1* 7 .0 1*1.5 26 .5
1 0 .0  x 1 0 3 1*.6 2 .8 3 .0 59 30
AAV5* 6 . 1* 9.1* 9.1* 0 2 .2
The p ro d u c ts  a r i s i n g  from  th e  b i r a d i c a l  pathw ay d e c re a se  a s  th e  
p re s s u re  was in c re a s e d  w hereas t h e  p ro d u c t d i s t r i b u t i o n  from  th e  
c o n c e rte d  pathw ay in c re a s e d . I f  t h e r e  had been  a  common in te rm e d ia te  
th e n  th e  p ro d u c t d i s t r i b u t i o n  sh o u ld  have b een  n e a r ly  in v a r i a n t  t o  
p re s s u re  e f f e c t s  even  th ough  th e  o v e r a l l  r a t e  w ould have v a r ie d  w ith  
p r e s s u r e .  These r e s u l t s  in d ic a te d  t h a t  a b i r a d i c a l  r e a c t io n  p a th ­
way i s  com peting  w ith  a  c o n c e r te d  pathw ay and t h a t  t h e  c o n c e rte d  
pathw ay h a s  th e  more n e g a tiv e  volum e o f  a c t i v a t i o n .
These r e s u l t s  w ould a g re e  w i th  th e  o b s e rv a t io n  made by Houk,112 
t h a t  docum ented exam ples o f  s te p w is e  D ie ls -A ld e r  r e a c t io n s  in v o lv e
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e i t h e r  n o n - p o la r  f ra g m e n ts  o r  v e r y  u n sy m m e tr ic a l p o l a r  f r a g m e n ts .
G e n e r a l ly ,  when th e  s te p w is e  r e a c t i o n  o c c u rs  t h e  [ 2 + 2 ]  and  [U + 2]
c y c lo a d d i t io n s  com pete f a i r l y  e f f e c t i v e l y  a g a in s t  e a c h  o t h e r .  T h is
h a s  "been o b s e rv e d  f o r  t h e  c y c lo a d d i t io n s  o f  a  number o f  h a lo a l k e n e s , 113
th e  c y c lo a d d i t io n  o f  a - a c e t o x y a c r y l o n i t r i l e 114 t o  b u ta d ie n e ,  and  even
in  t h e  r e a c t i o n  o f  b u ta d ie n e  and  e th y l e n e . 115 H ow ever, i n  t h i s  l a s t
exam ple th e  y i e l d  o f  [2  + 2 ] a d d u c t was . 02# o f  t h e  c y c lo h e x a n e  a t
1T5°C. U t i l i z i n g  t h e  am ount o f  t h e  [2  + 2] a d d u c t fo rm ed  th e  r a t e  o f
s te p w is e  r e a c t i o n  h a s  b e e n  c a l c u l a t e d : 115 
f i C v / o A c  / V / o A c
II
■f D i e n o p k i l e
D ie n o p h ile
CH2 = CH2 
F 2C * CC12
(itr _
~ C"0Ac
2 x 10~10 
2 x IQ" 3
7 X 10 " 6
1  x i o ” e 
5 x 1 0 -s  
5
3 x 10
R a te  c o n s ta n t s  175°C f o r  1 ,2  and  1,U  a d d i t i o n s  t o  b u ta d ie n e .
M ark116 h a s  r e p o r t e d  t h e  c y c lo a d d i t io n  o f  e l e c t r o n  d e f i c i e n t  
o l e f i n s  t o  h e x a c h lo r o c y c lo p e n ta d ie n e . "While t r a n s  e l e c t r o n  d e f i c i e n t  
o l e f i n s  su ch  a s  f u m a r o n i t r i l e  gave  s i g n i f i c a n t  am ounts o f  endo- ,  c i s -  
c y c lo a d d u c ts ; m ore e l e c t r o n  r i c h  o l e f i n s  su ch  a s  t r a n s - 2 -b u te n e  m ain ­
t a i n e d  t h e i r  s t e r o c h e m is t r y  i n  th e  c y c lo a d d u c ts :
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X y _5 6 7
-CN -CN 57 — 1*3
-C0C1 -C0C1 8U — 16
-P h -P h 71 — 29
- ch3 “ CH3 100 —
7U- ch3 -C0C1 23 —
- ch3 -CN 12 31 57
- ch3 -C l 30 13 57
-Ph -C l 5 I k 81
T hese r e s u l t s  w ould r e a f f i r m  th e  id e a  t h a t  n o n -p o la r  c y c lo a d d i t io n s  
have l i t t l e  p r e fe re n c e  f o r  c o n c e r te d  o v e r s te p w is e  m echanism s, w h ile  
p o la r  D ie ls -A ld e r  r e a c t io n s  do show a h ig h  p r e f e r e n c e  f o r  th e  con­
c e r t e d  m echanism s. The t o t a l  p ro d u c t  d i s t r i b u t i o n  a s  a  f u n c t io n  o f  
p r e s s u r e ,  n eed s  t o  he  exam ined f o r  th e s e  r e a c t i o n s  r e p o r te d  by Mark 
a s  w e l l  a s  th e  a - a c e t o x y a c r y l o n i t r i l e  c y c lo a d d i t io n  t o  b u ta d ie n e  
r e p o r te d  by  L i t t l e , 1114 so  t h a t  com peting  s te p w is e  and  c o n c e r te d  
m echanism s can  b e  d i s t i n g u i s e d  from  a  common in te r m e d ia te .
II. RESULTS AND DISCUSSION
P a r t  A. T h e o ry .
T h is  s tu d y  was n o t  a n o th e r  d e f i n i t i v e  c a l c u l a t i o n  "but r a t h e r  a  
quantum  m e c h a n ic a l  p ro h e  o f  t h e  u n d e r ly in g  s t a b i l i z i n g  and d e s t a b i l ­
i z in g  i n t e r a c t i o n s  (ex ch an g e  r e p u l s i o n ,  c h a rg e  t r a n s f e r ,  e l e c t r o s t a t i c  
and p o l a r i z a t i o n )  t h a t  o c c u r  in  b o th  ty p e s  o f  D ie ls - A ld e r  t r a n s i t i o n  
s t a t e s .  The p u rp o se  o f  t h i s  s tu d y  w as t o  exam ine th e  f e a s i b i l i t y  o f  
u t i l i z i n g  th e  t r a n s i t i o n  s t a t e s  c a l c u l a t e d  f o r  th e  p a r e n t  h y d ro c a rb o n  
fra g m e n ts  a s  m odel com plexes f o r  t h e  i n t e r a c t i o n s  o f  v a r io u s  s u b s t i ­
t u t e d  d e r i v a t i v e s  i n  t h e  D ie ls - A ld e r  r e a c t i o n .
The c a l c u l a t i o n s  i n  t h i s  s tu d y  w ere  p e rfo rm e d  w i th  th e  ab i n i t i o  
GAUSSIAN 70 p rog ram  u t i l i z i n g  t h e  m in im a l ST0-3G an d  t h e  s p l i t  v a le n c e  
U-31G b a s i s  s e t s .  The e n e rg y  p a r t i t i o n i n g  p rogram  u s e d  i n  t h i s  s tu d y  
was d e v e lo p e d  by Morokuma e t  a l . * 1^ The s t r u c t u r e s  o f  th e  c o n c e r te d  
(C) and  d i r a d i c a l  (D) t r a n s i t i o n  s t a t e s  w ere  r e p o r t e d  by  S a le m ,9®
H eh re , e t  a l . , (S -H ), i n  t h e i r  ab  i n i t i o  s tu d y  o f  D ie ls - A ld e r  p o t e n t i a l  
s u r f a c e  f o r  t h e  r e a c t i o n  o f  b u ta d ie n e  w ith  e th y le n e .
I n  t h e  s tu d y  o f  atom  t r a n s f e r  r e a c t i o n s ,  E vans an d  P o la n y i118 
showed t h a t  th e  e n e rg y  n eed ed  t o  d i s t o r t  t h e  r e a c t a n t  A -  B to  i t s  
t r a n s i t i o n  s t a t e  g e o m etry  was t h e  m a jo r  s o u rc e  o f  t h e  a c t i v a t i o n  e n e rg y  
o f  a  s im p le  r e a c t i o n  su ch  a s A - B  + C - v A  + B -  C. Thus t h e  p o t e n t i a l  
e n e rg y  s u r f a c e  f o r  t h e  r e a c t i o n  o f A - B  + C - v A + B - C  can  be  
a p p ro x im a te d  a s  a  sum o f  t h e  p o t e n t i a l  e n e rg y  c u rv e s  f o r  t h e  d i s s o ­
c i a t i o n  o f  t h e  r e a c t a n t  A -  B and  t h e  p ro d u c t  B -  C, Such a  m odel c an  
b e  a d a p te d  t o  t h e  D ie l s - A ld e r ,  o r  o t h e r  b im o le c u la r  r e a c t i o n  A + B -+■ C, 
a s  f o l lo w s .
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> I
R e a c tio n  C oord. (R )
F ig u re  2 . P o t e n t i a l  en erg y  c u rv e  f o r  th e  r e a c t io n  A + B —► C .
The two p o t e n t i a l  s u r f a c e s  in  F ig u re  2 a r e  th o s e  o f  th e  r e a c ta n t s
A + E and  o f  th e  p r o d u c t ,  C. As A and B move c l o s e r  t o g e th e r  a lo n g
th e  r e a c t io n  c o o rd in a te  (R ) ,  th e y  d i s t o r t  from  t h e i r  i s o l a t e dAb
e q u il ib r iu m  g e o m e tr ie s  to w ard s  th e  p ro d u c t g eo m etry . A t some p o in t ,  
th e  A + B com p o site  P .E . c u rv e  c ro s s e s  a  P .E . c u rv e  r e p r e s e n t in g  th e  
d i s t o r t i o n s  o f  th e  p ro d u c t C from  i t s  e q u i l ib r iu m  g e o m e try  tow ards 
t h e  r e a c t a n t  g e o m e tr ie s . I f  t h e  A -  B d i s t o r t i o n  i s  c o n tin u e d  p a s t  
th e  i n t e r s e c t i o n  o f  th e  two P .E . c u r v e s ,  th e n  th e  A -  B complex 
becomes v i b r a t i o n a l l y  e x c i t e d  C. The p o in t  w here th e  tw o  curves 
i n t e r s e c t  i s  a  f i r s t  ap p ro x im a tio n  t o  t h e  t r a n s i t i o n  s t a t e  energy .
Such a  m odel a llo w s  easy  v i s u a l i z a t i o n  o f  th e  d i s t o r t i o n  energy 
on th e  a c t i v a t i o n  en erg y  o f  t h e  D ie ls -A ld e r  r e a c t i o n .
F o r th e  exam ple P .E . s u r f a c e s  shown i n  F ig u re  3 ,  i t  i s  e a s ie r  
t o  d i s t o r t  th e  r e a c t io n  A1 + B ' th a n  A + B, Not o n ly  w i l l  th e  a c t i ­
v a t io n  en erg y  f o r  th e  r e a c t i o n  o f  A1 + B ' be  lo w e r th a n  t h a t  f o r  th e  
r e a c t i o n  o f  A + B , .b u t  th e  t r a n s i t i o n  s t a t e  w i l l  b e  m ore  l i k e  th e  
r e a c t a n t s  ( " e a r l i e r " ) 19
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R e a c tio n  C oord. [ ^ T J rTTJ
F ig u re  3 . P o te n t i a l  energ y  c u rv e s  fo r  th e  r e a c t io n s  A1 + B* —► C and 
A + b —► C i l l u s t r a t i n g  th e  Hammond P o s tu la te  .
However, A and B a ls o  i n t e r a c t  as  th e y  d i s t o r t  to w ard s  th e  p ro d u c t 
geom etry p ro d u c in g  a d d i t io n a l  a t t r a c t i v e  a s  w e ll  a s  r e p u ls iv e  fo r c e s  in  
th e  t r a n s i t i o n  s t a t e .  The n e t  r e s u l t  o f  th e s e  in te rm o le c u la r  i n t e r ­
a c t io n s  i s  th e  i n t e r a c t i o n  en erg y  C l )  i n  F ig u re  U :
AB
F ig u re  1+. R e s o lu tio n  o f  th e  A + B a c t i v a t i o n  energ y  in to  
d i s t o r t i o n  (D) and i n t e r a c t io n  Cl) com ponents.
The Morokuma**^ en erg y  d eco m p o sitio n  scheme r e s o lv e s  th e  i n t e r ­
a c t io n  en erg y  in to  e l e c t r o s t a t i c , p o l a r i z a t i o n ,  ch a rg e  t r a n s f e r  and 
exchange r e p u ls io n  com ponents.
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1 = ^  + + ECT-MIX + EEX
The e l e c t r o s t a t i c  e n e rg y  c o rre sp o n d s  t o  t h e  c l a s s i c a l  Coulom bic 
e n e rg y  "between t h e  c h a rg e  d i s t r i b u t i o n s  o f  d i s t o r t e d  A and d i s t o r t e d  
B 120
<1 (It
e e s  = <x >s , t  s t
q. = t o t a l  c h a rg e  on  a tom s s , t ,
B ^ = d i s t a n c e  "between atom s s , t .
T h is  te rm  c an  "be e i t h e r  s t a b i l i z i n g  ( n e g a t iv e )  o r  d e s t a b i l i z i n g  ( p o s i ­
t i v e ) .  H ow ever, i n  o u r  s t u d i e s  a s  w e l l  a s  th o s e  r e p o r t e d  by  Morokuma 
e t  a l . 12 1 ,1 2 6 *128  on some s im p le  Lew is a c id - b a s e  c o m p le x es , t h i s  te rm  
was fo u n d  t o  b e  a  s i z e a b l e  s t a b i l i z i n g  com ponent o f  th e  i n t e r a c t i o n  
e n e r g y .
The d ia g ra m  b e low  (.F ig u re  5) p i c t o r i a l l y  d e l i n e a t e s  t h e  o r b i t a l  
i n t e r a c t i o n s  t h a t  o c c u r  i n  th e  r e a c t i o n  o f  A an d  B a s  th e y  a p p ro a c h  
t h e  t r a n s i t i o n  s t a t e .
- v - 0 ,- U - A - U -U -V -h -
F ig u r e  5- E l e c t r o n i c  i n t e r a c t i o n s  b e tw een  tw o c lo s e d  s h e l l  m o le c u le s .
The a rro w s  l a b e l l e d  (.a) i n d i c a t e  t h e  in t r a m o le c u la r  o r b i t a l  m ix in g  
t h a t  o c c u r s  w i th in  e a c h  A and  B f r a g m e n t.  T h is  m ix in g  i s  f o r m a l ly  
d e s ig n a te d  p o l a r i z a t i o n  (E p^) and  i s  a lw ay s s t a b i l i z i n g .  As ap p ro x ­
im a te d  by  p e r t u r b a t i o n  t h e o r y ,  t h i s  e n e rg y  i s :
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occ vac H. 2 occ vac H. _ 2
E = 2 2 — + 2 2  — = = - (2)
P L  * . e . - E .  „  „  e, -e„A A i  J B B k  1
The in te r m o le c u la r  o r b i t a l  m ix in g  betw een  f i l l e d  o r b i t a l s  d e n o ted  
in  F ig u re  5 by  a rrow  ( b ) r e s u l t s  i n  exchange r e p u l s io n .  The exchange 
r e p u ls io n  C E^} a r i s e s  from  th e  i n t e r p e n e t r a t i o n  o f  two f i l l e d  o r b i t a l s .  
F o r any two f i l l e d  o r b i t a l s ,  t h i s  exchange r e p u ls io n  i s :
occ occ U S .-(e  S -  H )
Ee x = Z Z  a V -  ' (3)
A B 1  "  Si k 2
E p io t i s  and Y a te s 122b  have u se d  th e  M u llik e n 124 a p p ro x im a tio n  to  o b ta in  
a  m ore com pact and e a s i l y  v i s u a l i z e d  form  o f  exchange r e p u ls io n .
l f  Hik  * kSik
occ occ l+S 2 (e  -  k )
E = 2 2 f -  qaV2  (H)
EX A B 1  "  Si k 2
G e n e ra l ly ,  f o r  n o n - io n ic  r e a c t i o n s ,  t h e  exchange r e p u ls io n  i s  th e  
m a jo r d e s t a b i l i z i n g  com ponent o f  th e  A -  B i n t e r a c t i o n  t h a t  m ust be 
surm ounted  i f  th e  n e t  A -  B i n t e r a c t i o n  e n e rg y  i s  t o  b e  s t a b i l i z i n g .
The a rro w s l a b e l l e d  (c )  in  F ig u re  5 i n d i c a t e  th e  in te r m o le c u la r  
o r b i t a l  m ix in g  t h a t  o c c u rs  be tw een  th e  f i l l e d  o r b i t a l s  o f  one frag m e n t 
and th e  v a c a n t  o r b i t a l s  o f  th e  o th e r  f ra g m e n t. T h is  i n t e r a c t i o n  
r e s u l t s  in  th e  c h a r g e - t r a n s f e r  com ponent o f  t h e  i n t e r a c t i o n  en erg y  and 
i s  a lw ays s t a b i l i z i n g .  A lth o u g h  th e  m ag n itu d e  o f  can  v a ry  con­
s id e r a b ly  from  o n ly  a  m in o r t o  a  m a jo r s t a b i l i z i n g  com ponent o f  th e  
i n t e r a c t i o n  e n e rg y , t h i s  i s  g e n e r a l ly  co m p arab le  i n  m ag n itu d e  t o  th e
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exchange r e p u l s io n .  The c h a rg e  t r a n s f e r  i s  ap p ro x im a ted  u s in g  sec o n d -
The d eco m p o s itio n  scheme u t i l i z e d  h e re  does n o t  c a l c u l a t e  th e  
c h a rg e  t r a n s f e r  te rm  s e p a r a te ly  "but in c lu d e s  i t  a lo n g  w ith  h ig h e r  o rd e r
How t h a t  t h e  v a r io u s  en e rg y  com ponents o f  th e  t o t a l  i n t e r a c t i o n  
e n e rg y  have  b een  d e f in e d ,  t h e  t r e n d s  o f  th e s e  com ponen ts, a s  th e  f r a g ­
m en ts  o f  A and B move to w ard s  t h e  t r a n s i t i o n  s t a t e  o f  th e  b im o le c u la r
e l e c t r o s t a t i c  te rm  i s  th e  dom inant com ponent o f  th e  i n t e r a c t i o n  en erg y  
b e c a u se  th e  o v e r la p  w i l l  be  q u i t e  s m a l l .  M oreover, a s  R ^  becomes
t r a n s i t i o n  s t a t e ,  th e  o v e r la p  b e tw een  th e  frag m e n ts  w i l l  d r a m a t ic a l ly  
in c r e a s e  and  th e  o r b i t a l  e n e r g ie s  o f  t h e  frag m e n ts  w i l l  change n o t i c e ­
a b ly  b ecau se  A and B a r e  no lo n g e r  in  t h e i r  i s o l a t e d  g e o m e tr ie s .  The 
in c r e a s e  o f  th e  in te r m o le c u la r  o v e r la p  ( S ^ )  a s  R ^  d im in is h e s  w i l l  
c a u se  an  in c r e a s e  i n  b o th  exchange r e p u l s io n  and c h a rg e  t r a n s f e r .
G eom etric  d i s t o r t i o n  w i l l  c a u se  a  d e s t a b i l i z a t i o n  o f  t h e  t o t a l  
e n e rg y  o f  e ach  f ra g m e n t. A t t h e  o r b i t a l  l e v e l ,  d i s t o r t i o n  w i l l  cau se  
th e  o ccu p ie d  o r b i t a l s  o f  e ach  f ra g m e n t t o  be  d e s t a b i l i z e d  ( l e s s  
n e g a t iv e )  w h ile  a t  t h e  same t im e ,  s t a b i l i z i n g  t h e  v a c a n t  o r b i t a l s  o f  
e a c h  frag m en t ( l e s s  p o s i t i v e ) . 123
o rd e r  p e r tu r b a t io n  th e o r y  a s : 122&*123
A B i  1  A B k  j
(5 )
te rm s  i n  CE^jX) . However, b a se d  on M orokum a's r e s u l t s  f o r
v a r io u s  Lewis a c id - b a s e  co m p lex es , i s  70-90?! o f  t h e  te rm . 121
r e a c t i o n ,  can b e  exam ined . A t r e l a t i v e l y  l a r g e  Ra^ ( 3 . 5 - ^ .5 ^ ) ,  th e
s m a l le r  ( 3 . 0 - 2 . o X )  and  A and B c o n t in u e  t o  d i s t o r t  to w a rd s  th e
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o
D i s t  o r ^  i o n
The m ost d ra m a tic  e f f e c t  o f  th e s e  o r b i t a l  en erg y  changes w i l l  he  an 
in c r e a s e  o f  c h a rg e  t r a n s f e r ,  and p o l a r i z a t i o n  and t o  a  l e s s e r  e x te n t  
exchange r e p u l s io n  s in c e  t h e  en e rg y  gap be tw een  th e  o c c u p ie d  and 
v a c a n t o r b i t a l s  h a s  d e c re a s e d .
131*
F a r t  B. The D ir a d ic a l  and C o ncerted  S-H T r a n s i t io n  S t a t e s .
The a c t i v a t io n  e n e rg ie s *  o f  th e  S-H c o n c e r te d  and d i r a d i c a l  
t r a n s i t i o n  s t a t e s  o f  t h e  D ie ls -A ld e r  r e a c t io n  betw een b u ta d ie n e  and 
e th y le n e  a re  shown i n  F ig u re  6 , These g rap h s r e s o lv e  th e  a c t i v a t io n  
energy  i n t o  th e  d e s t a b i l i z i n g  d i s t o r t i o n  energy  (d ) and th e  i n t e r a c t i o n  
energy  (.1 ):
*For s im p l i c i t y ,  th e  c a lc u la te d  d i f f e r e n c e  in  en erg y  betw een th e  
r e a c t a n t s  and assumed t r a n s i t i o n  s t a t e s  w i l l  be  c a l l e d  th e  a c t i v a t io n  
e n e rg y . However, even  i f  th e  t r a n s i t i o n  s t a t e  g e o m etrie s  w ere known 
w ith  c e r t a i n t y  and th e  c a lc u la t io n s  w ere e x a c t ,  th e  z e r o -p o in t  v ib r a ­
t i o n a l  e n e rg ie s  o f  each  s p e c ie s  w ould have t o  be  added t o  th e  c a lc u ­
l a t e d  e n e rg ie s  o f  e ach  s p e c ie s  i n  o rd e r  t o  d i r e c t l y  compare t h e o r e t ­
i c a l  to  e x p e r im e n ta l a c t i v a t io n  e n e r g ie s .
/WO
D — 37 D= GH
F ig u re  6 . Comparison o f  th e  c o n c e r te d  and b i r a d i c a l  a c t i v a t io n  
energy  com ponents.
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The d i s t o r t i o n  e n e rg y  f o r  t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e  D (d) i s  
s m a l le r  th a n  D(c). f o r  t h e  c o n c e r te d  t r a n s i t i o n  s t a t e  b e c a u se  fe w e r 
g e o m e tr ic  ch an g es  o c c u r  i n  t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e .  The o r i g i n  
o f  t h e  27 k c a l/m o l g r e a t e r  d i s t o r t i o n  e n e rg y  p r e s e n t  i n  th e  c o n c e r te d  
t r a n s i t i o n  s t a t e  can  be e a s i l y  se e n  when com paring  o f  t h e  bond  l e n g th s  
i n  8 and § w ith  th o s e  o f  u n d i s t o r t e d  b u ta d ie n e  an d  e th y le n e .  A lth o u g h  
th e  o n ly  s i g n i f i c a n t  d i s t o r t i o n s  in  8 a r e  t h e  s t r e t c h i n g  o f  t h e  
e th y le n e  and one b u ta d ie n e  d o u b le  b o n d , g, h a s  in  a d d i t i o n  t o  th e  
e th y le n e  d o u b le  b o n d , b o th  b u ta d ie n e  d o u b le  bonds s t r e t c h e d  and  th e  
s i n g l e  bond a p p r e c ia b le  co m p re ssed .
The i n t e r a c t i o n  e n e r g ie s  f o r  th e  tw o ty p e s  o f  t r a n s i t i o n  s t a t e s  
d i f f e r  i n  s ig n  a s  w e l l  a s  m a g n itu d e . The i n t e r a c t i o n  e n e rg y  f o r  th e  
c o n c e r te d  t r a n s t i o n  s t a t e ,  l ( c ) ,  i s  s t a b i l i z i n g  ( - 2 5  k c a l /m o l} ,  b u t  
l ( d )  i s  d e s t a b i l i z i n g  (+15 k c a l /m o l ) .  The d i f f e r e n c e  i n  e n e rg y  be tw een  
t h e  t r a n s i t i o n  s t a t e s  f o r  t h e  d i r a d i c a l  an d  c o n c e r te d  e x tre m es  was 
1 2 .9  k c a l /m o l .  T h is  i s  c o n s id e r a b ly  l a r g e r  th a n  th e  U .l  k c a l /m o l 
e n e rg y  d i f f e r e n c e  r e p o r t e d  i n  t h e  Salem -H ehre®9 c a l c u l a t i o n .  H ow ever, 
S a lem , H e h re , e t  a l .  u t i l i z e d  a  1*-31G b a s i s  s e t  w ith  3 x  3 C l, The 
3 x  3 Cl w ould  s t a b i l i z e  t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e  m ore th a n  
th e  c o n c e r te d  t r a n s i t i o n  s t a t e  and th u s  r e s u l t  i n  a  s m a l le r  e n e rg y  
d i f f e r e n c e  b e tw een  t h e  tw o e x tre m e  ty p e s  o f  t r a n s i t i o n  s t a t e s .  I f  th e  
two i n t e r a c t i o n  e n e r g ie s  l ( c )  an d  l ( d )  a r e  r e s o lv e d  i n t o  t h e i r  r e s p e c ­
t i v e  co m p o n en ts , th e n  th e  s o u rc e s  o f  t h e  i n t e r a c t i o n  d i f f e r e n c e  can  
b e  exam ined (T a b le  I I I ) :
1 3 6
T able  I I I ,  Morokuma P a r t i t i o n  o f  th e  S-H C oncerted  and B ir a d ic a l  
T r a n s i t io n  S ta t e s .
— • K  ' )
-19 .1  - lb .  2
E™ 75.0 50.5
E“  -0 .2  0.05
Eru  -1*0.7 -69 .2Jct-mix +1°;J _g; I
The e l e c t r o s t a t i c  en erg y  f o r  th e  d i r a d i c a l  t r a n s i t i o n  s t a t e  v a s  
5 k c a l/m o l more s t a b i l i z i n g  th a n  th e  e l e c t r o s t a t i c  component o f  th e  
c o n c e r te d  t r a n s i t i o n  s t a t e .  However, t h i s  g r e a t e r  e l e c t r o s t a t i c  
s t a b i l i z a t i o n  o f  th e  d i r a d i c a l  t r a n s i t i o n  s t a t e  was n o t enough to  o f f ­
s e t  th e  28 k c a l/m o l l o s s  o f  ch arg e  t r a n s f e r  s t a b i l i z a t i o n  o r  th e  l 6 
k c a l/m o l in c r e a s e  in  exchange r e p u ls io n  when th e  d i r a d i c a l  components 
w ere c o n tr a s te d  to  th e s e  com ponents o f  th e  c o n c e r te d  t r a n s i t i o n  s t a t e .  
U t i l i z i n g  th e  E p io t i s  and Y a tes12213 e x p re s s io n  f o r  c lo se d  s h e l l  r e p u ls io n  
e(l* (M » w ith  k  = -3 9 .9 eV , Houk e t  a l . 100 c a lc u la te d  an  exchange r e p u l ­
s io n  o f  13 ,7  and 2 5 .3  k c a l/m o l r e s p e c t iv e ly  f o r  th e  c o n c e r te d  and 
d i r a d i c a l  t r a n s i t i o n  s t a t e .  The exchange r e p u ls io n  i n  th e  c o n c e r te d  
t r a n s i t i o n  s t a t e  was c a lc u la te d  i^x(B) -  0 i(E )  i n t e r a c t i o n  b u t  f o r  th e  
d i r a d i c a l  t r a n s i t i o n  s t a t e ,  66% o f  th e  exchange r e p u ls io n  came from  th e  
a d d i t io n a l  C®) -  0 i (E )  i n t e r a c t i o n .
The n e t  p z o v e r la p  betw een fragm en ts  S ^  was 0 .1 8  f o r  th e  d i r a d i ­
c a l  t r a n s i t i o n  s t a t e  and 0 . 2^ (2  x 0 . 1 2 ) f o r  th e  c o n c e r te d  t r a n s i t i o n  
s t a t e .  The l a r g e r  S ^ /e n d  o v e r la p  f o r  th e  d i r a d i c a l  was p ro b a b ly  due
to  th e  s h o r te r  R . d i s t a n c e ;  1.96& f o r  th e  d i r a d i c a l  v e rs u s  2 ,2 1 X f o r  ab
th e  c o n c e r te d  t r a n s i t i o n .  The v a r ia b le s  d i r e c t l y  a f f e c t e d  by th e  
in te rm o le c u la r  o v e r la p  w ere th e  ch arg e  t r a n s f e r  and exchange r e p u ls io n .
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The s m a l le r  n e t  o v e r l a p ,  , f o r  t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e  c o u ld  
"be e x p e c te d  t o  d e c r e a s e  "both exchange r e p u l s io n  and  c h a rg e  t r a n s f e r .  
A lth o u g h  c h a rg e  t r a n s f e r  h a s  d e c r e a s e d ,  exchange  r e p u l s io n  h a s  in c r e a s e d  
i n  t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e .  The s m a l le r  c h a rg e  t r a n s f e r  te rm  
f o r  t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e  in d i c a t e d  a  s m a l le r  am ount o f  
f i l l e d - v a c a n t  i n t e r a c t i o n s , w h e re a s , t h e  l a r g e r  am ount o f  exchange 
r e p u l s io n  in d i c a t e d  m ore f i l l e d - f i l l e d  i n t e r a c t i o n s .  The o r b i t a l  
i n t e r a c t i o n  d iag ram  F ig u r e  7 com pares t h e  number an d  ty p e  in te r m o le c u la r  
o y e r la p  i n t e r a c t i o n s  p r e s e n t  i n  c o n c e r te d  and d i r a d i c a l  t r a n s i t i o n  
s t a t e s :
I S
hO
%&>
F ig u r e  7• O r b i t a l  i n t e r a c t i o n  d iag ram  f o r  t h e  c o n c e r te d  and 
b i r a d i c a l  t r a n s i t i o n  s t a t e s .
In  F ig u r e  7 , t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e  r e s u l t s  i n  s u b s ta n ­
t i a l  n e t  o v e r la p  b e tw een  a l l  t h e  tt o r b i t a l s  o f  e a c h  f ra g m e n t.  H ow ever, 
th e  c o n c e r te d  t r a n s i t i o n  s t a t e  h a s  a  n e t  o v e r la p  o n ly  b e tw een  -
0 2 ( E ) ,  i|»3 (b )  -  0 i  (E ) and  iJ'lCB) -  0 i ( E ) .  F o r t h e  c o n c e r te d  t r a n s i t i o n  
s t a t e ,  t h e  ^ ( B )  -  0 i (E )  o v e r la p  i s  z e ro  b e c a u s e  t h e s e  tw o m o le c u la r  
o r b i t a l s  h av e  d i f f e r e n t  sy m m e tr ie s . A lth o u g h  t h e  g r e a t e r  am ount o f
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d i s t o r t i o n  i n  t h e  c o n c e r te d  t r a n s i t i o n  s t a t e  w i l l  n a rro w  t h e  o r b i t a l
e n e rg y  g ap s  n ) > t h e  exchange  r e p u l s io n  e q u a t io n  i s
d i r e c t l y  p r o p o r t i o n a l  o n ly  t o  a n  a v e ra g e  o r b i t a l  e n e rg y  e ( f i l l e d -av
f i l l e d )  and  th u s  w i l l  h e  much m ore s e n s i t i v e  -to ch an g es  i n  o v e r la p  th a n  
m in o r ch an g es  i n  t h e  o r b i t a l  e n e r g ie s  (F ig u re s  8 , 9 ) .
S im u lta n e o u s ly ,  t h e  d i r a d i c a l  t r a n s i t i o n  s t a t e  does n o t  y i e l d  th e  
m aximum p o s s ib l e  in te r m o le c u la r  o v e r la p  ( S ^ )  b e tw een  t h e  f i l l e d  and  
v a c a n t  o r b i t a l s  o f  t h e  f ra g m e n ts  ( i . e . ,  1^ 3 CB) -  0 i ( E ) ,  Tf^CB) -  0 2 ( E ) ) .
The c o n c e r te d  t r a n s i t i o n  s t a t e  h a s  a  g r e a t e r  am ount o f  c h a rg e  t r a n s f e r  
due t o  t h e  l a r g e r  am ount o f  o v e r la p  ( S ^ )  b e tw een  th e  f i l l e d  and  v a c a n t  
fra g m e n t o r b i t a l s  a s  w e l l  a s  t h e  r e s u l t  o f  a  s m a l le r  HOMO-LUMO e n e rg y  
d i f f e r e n c e  c a u se d  by  th e  g r e a t e r  am ount o f  d i s t o r t i o n  p r e s e n t  i n  th e  con­
c e r t e d  t r a n s i t i o n  s t a t e .  The o r b i t a l  e n e rg y  c h a n g e s , h o w ev er, w ere l e s s  
s i g n i f i c a n t  th a n  th e  ch an g es  i n  t h e  in te r m o le c u la r  o v e r la p  ( 8 ^ ) *
T h u s , due p r i n c i p a l l y  t o  t h e  o v e r la p  S an d  th e  n o d a l c h a r a c ­
t e r i s t i c s  o f  th e  wave f u n c t i o n s ,  c h a rg e  t r a n s f e r  i n c r e a s e s  and 
exchange r e p u l s io n  d e c r e a s e s  a s  one moves from  a  o n e -e n d  d i r a d i c a l  
t r a n s i t i o n  s t a t e  to w a rd s  a  tw o -e n d  c o n c e r te d  t r a n s i t i o n  s t a t e .  At 
l e a s t  f o r  t h e  r e a c t i o n  o f  b u ta d ie n e  and  e th y l e n e ,  t h e  l a r g e r  amount 
o f  d i s t o r t i o n  p r e s e n t  i n  t h e  c o n c e r te d  t r a n s i t i o n  s t a t e  was o f f s e t  by  
t h e  l a r g e r  am ount o f  s t a b i l i z a t i o n  w h ich  was n o t  p o s s ib l e  f o r  th e  o n e -  
end d i r a d i c a l  t r a n s i t i o n  s t a t e .
The r e s u l t s  o f  t h e  i n t e r a c t i o n  d iag ram s and  t h e  a c t i v a t i o n  e n e rg y  
g ra p h s  s u g g e s t  p o t e n t i a l  v a r i a b l e s ,  w h ich  i f  a l t e r e d ,  w ou ld  s t a b i l i z e  
th e  o n e -e n d  d i r a d i c a l  t r a n s i t i o n  s t a t e  o v e r  t h e  tw o -e n d  c o n c e r te d  
t r a n s i t i o n  s t a t e .  I f  f o r  ex am p le , th e  d i s t o r t i o n  e n e rg y  f o r  th e  o n e -
139
end t r a n s i t i o n  s t a t e  c o u ld  "be lo w ered  a n d /o r  t h e  i n t e r a c t i o n  energy  
made more fa v o ra b le  w ith  r e s p e c t  t o  th e  tw o-end  c o n c e r te d  t r a n s i t i o n  
s t a t e ,  th e n  th e  o ne-end  c o n c e r te d  t r a n s i t i o n  s t a t e  c o u ld  become more 
fa v o ra b le  th a n  th e  tw o-end  t r a n s i t i o n  s t a t e .
In  o rd e r  t o  t e s t  t h e s e  id e a s  on th e  model p re s e n te d  h e r e ,  th e  
i n t e r a c t i o n  o f  b u ta d ie n e  and 1 , l - d i c h l o r o - 2 , 2- d i f lu o r o e th y le n e  (1 1 2 2 ) 
was s tu d ie d ,  s in c e  t h i s  r e a c t io n  i s  known to  p ro ceed  th ro u g h  a  d i r a d i c a l  
in te r m e d ia te .1 13 The r e s u l t s  o f  f lu o r in e  and c h lo r in e  s u b s t i t u t i o n  f o r  
hydrogen on th e  S-H d i r a d i c a l  and c o n c e r te d  t r a n s i t i o n  s t a t e s  a re  
shown i n  T ab le  IV:.
T ab le  IV . Morokuma P a r t i t i o n  o f  One- and Two-end S-H
________________  Complexes w ith  1122._________________
T ab le  TV shows t h a t  d e c re a se s  o f  b o th  th e  exchange r e p u ls io n  in  th e  
d i r a d i c a l  com plex, and c h a rg e  t r a n s f e r  s t a b i l i z a t i o n  f o r  th e  c o n c e rte d  
complex cau se s  th e  d i r a d i c a l  com plex t o  be  fa v o re d  o v e r th e  tw o-end 
c o n c e r te d  com plex. Com parison o f  th e  (1122) i n t e r a c t i o n  e n e rg ie s  w ith  
th e  co rre sp o n d in g  i n t e r a c t i o n  e n e rg ie s  o f  th e  b u ta d ie n e  and e th y le n e  
t r a n s i t i o n  s t a t e s  in d ic a te s  t h a t  th e  c o n c e r te d  complex o f  th e  (1 1 2 2 ) 
r e a c t io n  was d e s ta b i l i z e d  more th a n  th e  d i r a d i c a l  complex i s  s t a b i l i z e d .  
T h is  was th e  r e s u l t  o f  an  in c r e a s e  in  exchange r e p u ls io n  as  w e ll a s  a
AE(D)a 2 T . 8
a )  D is to r t io n  energy  d i f f e r e n c e .  D (c) -  D (d ) .
ll+o
d e c r e a s e  i n  c h a rg e  t r a n s f e r  f o r  th e  c o n c e r te d  (.1122) com plex . F o r 
th e  d i r a d i c a l  (1 1 2 2 ) com p lex , m odest g a in s  i n  e l e c t r o s t a t i c ,  c h a rg e  
t r a n s f e r ,  an d  p o l a r i z a t i o n  com ponents h e lp e d  t o  re d u c e  th e  d e s t a b i l i z i n g  
i n t e r a c t i o n  e n e rg y . The r e s u l t  o f  t h i s  c ru d e  c a l c u l a t i o n  i n d i c a t e s  
t h a t  th e  d i r a d i c a l  pa thw ay  f o r  "b u tad ien e  and  (1 1 2 2 ) was fa v o re d  by  6 
k c a l /m o l .  C om parison o f  t h e  M u llik e n  p o p u la t io n  o f  t h e s e  com plexes 
w i th  th e  c o r re s p o n d in g  b u ta d ie n e - e th y le n e  t r a n s i t i o n  s t a t e s  i n d i c a t e s  
t h a t  t h e s e  com plexes w ere  s t i l l  e a r l y  p o in t s  on th e  r e a c t i o n  s u r f a c e :
M u llik e n  P o p u la t io n  
(1122  C om plexes) (S -H ) T r a n s i t i o n  S t a t e s  C yclohexene
3
2
5
6
l 1 l
C1_C2
C2 - C 3
c 3- c 4
C 4 - C 5
C 5- C 6
C i - C 6
9.1+77 * 1 0  2 
.1+750 
9 .5 0 2  x 1 0 “ 2
.5052
.5091
.5 0 3 0
9 .7 8 0  x 1 0 -2  
. 5061 
9 . 77^ x 10  2
.5028
.5161+
.5028
.3781
.6053
.3781
.361+1
.3596
.361+1
1+ 6
l 1
C i-C 2
C2-C 3
C3“ Ci|
C 4 - C 5
C5-C6
C i - C 6
.5 8 0 9
. 1+287
.5 1 5 6
.5 8 2 6
.1+303
.521+3
7 .9 1 9  x 1 0 " 2 
.5 0 1 8  
5 .7 3 3  x 1 (T 6
7.11+2 x io“2
.5 3 6 0  
5.095 x 10“ 6
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E xam ination  o f  Tablfe IV shows t h a t  th e  exchange re p u ls io n  has 
in c re a s e d  r e l a t i v e  t o  ch a rg e  t r a n s f e r ,  when compared t o  th e  b u ta d ie n e -  
e th y le n e  t r a n s i t i o n  s t a t e s .  The ir HOMO (1122) and th e  it* WJMO (1122) 
a r e  d e s ta b i l i z e d  b ecau se  th e y  a re  m ixed w ith  th e  fo u r  s u b s t i tu e n t  
o r b i t a l s  in  an  a n tib o n d in g  f a s h io n . The o r b i t a l  energy  changes and 
th e  a n tib o n d in g  seco n d ary  o r b i t a l  i n t e r a c t io n s  d e c re a se  th e  amount o f  
ch a rg e  t r a n s f e r  betw een th e  b u ta d ie n e  and th e  (1122) e th y le n e . The 
exchange r e p u ls io n  c o u ld  b e  s l i g h t l y  d e c re a se d  by th e  lo s s  i n  n e t  
o v e r la p  betw een th e  f i l l e d  b u ta d ie n e  (1122) e th y le n e  o r b i t a l s .  How­
e v e r ,  t h i s  p o t e n t i a l  d e c re a se  In  exchange r e p u ls io n  i s  o f f s e t  by th e  
a d d i t io n a l  exchange r e p u ls io n  r e s u l t i n g  from  th e  g r e a t  in c re a s e  in  
th e  number o f  f i l l e d  o r b i t a l s  p r e s e n t  on th e  s u b s t i t u e n t .
Ik2
F a r t  C. S u b s t i tu e n t  E f f e c t s  on D i s to r t i o n  E n e rg ie s
Now t h a t  t h e  d i f f e r e n c e s  betw een  th e  c o n c e r te d  and  d i r a d i c a l  S-H 
t r a n s i t i o n  s t a t e s  f o r  th e  D ie ls - A ld e r  r e a c t io n  o f  b u ta d ie n e  w ith  
e th y le n e  have  b e e n  e x p lo re d , t h e  e f f e c t  o f  s u b s t i t u e n t s  on th e  a c t i v a ­
t i o n  e n e r g ie s  f o r  th e s e  tw o ty p e s  o f  t r a n s i t i o n  s t a t e s  can  be  p ro b e d .
The v a r i a t i o n  o f  th e  a c t i v a t i o n  en e rg y  upon s u b s t i t u t i o n  o f  one o r  
m ore o f  th e  h yd rogens on e i t h e r  o f  t h e  t r a n s i t i o n  s t a t e s  w i l l  be  
r e f l e c t e d  by  changes in  b o th  t h e  d i s t o r t i o n  and i n t e r a c t i o n  com ponents. 
Thus i t  i s  v e ry  im p o r ta n t t o  e s t a b l i s h  w hich  com ponent i s  more s e n s i t i v e  
t o  s u b s t i t u t i o n .  B ased  on th e  su c c e ss  o f  th e  v a r io u s  c h a rg e  t r a n s f e r  
m o d e ls , t h i s  com ponent o f  t h e  i n t e r a c t i o n  en e rg y  and  th u s  th e  t o t a l  i n t e r ­
a c t i o n  en e rg y  was e x p e c te d  t o  have  g r e a t e s t  s e n s i t i v i t y  t o  s u b s t i t u ­
t i o n ,  However, i t  i s  im p o r ta n t  t o  e s t a b l i s h  th e  d i r e c t i o n  and 
m ag n itu d e  o f  th e  d i s t o r t i o n  e n e rg y  changes r e s u l t i n g  from  th e  s u b s t i ­
t u t i o n  b e ca u se  th e s e  changes m ig h t c o n c e iv a b ly  p a r a l l e l  th e  v a r i a t i o n s  
o f  th e  c o rre sp o n d in g  c h a rg e  t r a n s f e r  com ponents. P o s s ib le  c h a rg e  d i s t r i ­
b u t io n  ex trem es  a r e  shown below  and th e  c o m p u ta tio n a l r e s u l t s  f o r  th e  
d e r iv a t iv e s  a re  shown in  T a b le  V:
P fViflrcrp a-hriTnn + innc
f
o u t  o f  p la n e  
• bend
* T h is  r e f e r s  t o  th e  s t r e t c h e d  ca rb o n  atom whose hydrogen
atom s a r e  b e n t o u t o f  th e  ca rb o n  m o le c u la r  p la n e .
Ik3
T a b le  V. D i s t o r t i o n  E nergy  f o r  V a rio u s  D e r iv a t iv e s  o f  th e
S-H T r a n s i t io n  S t a t e s .
X CN NH2 H
D* 1 8 .0  1 7 .0  1 9 .0
Two-End D is to r t io n *
1-CN 1-NH2 2-CN
1*1*.0 1*7.0 1*7-0
* E n e rg ie s  i n  kc ail /m o l.
2-NH2 
1*7.1
H
1*8 . 0
One-End D is to r t io n *
Y x H NH2 H CN H
Y nh2 H CN H h
X D 2 0 .0 1 7 . 0 1 9 .1 1 8 .6 2 0 .0
X
*
Y <
n h 2 H CN H X H nh2 H CN
H CN H H Y nh2 H CN H
2 0 .0 1 9 -0 2 0 .0 20 .2 D 2 0 .0 1 7 -0 2 0 .0 1 9 .0
*Arrow in d i c a t e s  th e  c a rb o n  u n d e rg o in g  th e  o u t - o f - p la n e  d i s t o r t i o n .
F ig u re  8  shows th e  e th y le n e  o r b i t a l  en erg y  changes f o r  th e  tw o- 
end d i s t o r t i o n  v e r s u s  th e  o n e -en d  d i s t o r t i o n  f o r  t h e  c o n c e r te d  and 
d i r a d i c a l  S-H t r a n s i t i o n  s t a t e  g e o m e tr ie s  o f  t h e  b u ta d ie n e -e th y le n e  
r e a c t i o n ,
N o tic e  t h a t  t h e r e  was e s s e n t i a l l y  no change i n  i n i t i a l  c h a rg e  
p o l a r i z a t i o n  f o r  t h e  tw o -en d  d i s t o r t i o n  o f  e th y le n e .  F o r th e  o n e -en d  
d i s t o r t i o n  o f  e th y le n e ,  t h e r e  was o n ly  a  v e r y  s l i g h t  p o l a r i z a t i o n  o f  
th e  HOMO F z o r b i t a l s ,  ho w ev er, t h e r e  was a  n e t  g a in  o f  e l e c t r o n  d e n s i ty
to -
S -
>v
u
Q)£
w
o-
_a
A - f
-  /<?
Two-end 
D i s t o r t i o n
 ■ ')
TT*C CW)
v  i
LUMO ( e t h )
A*
HOFIO ( e t h )
I" !w  n ^  -t.3
»6 (
lhk
O ne-end
D i s t o r t i o n
C cst)
F ig u r e  8 . O ne- and tw o -en d  d i s t o r t i o n s  o f  e th y le n e .
on th e  d i s t o r t e d  c a rb o n  i f  t h e  o t h e r  a to m ic  o r b i t a l  c o n t r ib u t io n s  t o  
t h e  m o le c u la r  o r b i t a l  w ere  ta k e n  i n t o  a c c o u n t .  The LU M O (ethylene) had  
a  l a r g e r  p z c o e f f i c i e n t  on th e  u n d i s t o r t e d  c a rb o n .
F o r th e  tw o -en d  d i s t o r t i o n  o f  e th y le n e  t h e  e f f e c t  o f  cyano and 
am ino s u b s t i t u t i o n  r e s u l t s  i n  a  lo w e r  d i s t o r t i o n  e n e rg y  th a n  f o r  th e  
p a r e n t  h y d ro c a rb o n  b y  1  an d  2 k c a l /m o l ,  r e s p e c t i v e l y .  Amino s u b s t i ­
t u t i o n  was m ore s t a b i l i z i n g  f o r  t h e  tw o -e n d  d i s t o r t i o n  o f  e th y le n e
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th a n  cyano "by X k c a l/m o l. The e f f e c t  o f  s u b s t i t u t i o n  on th e  one-end  
d i s t o r t i o n  o f  e th y le n e  a g a in  in d ic a te d  t h a t  amino s u b s t i t u t i o n  was 
more s t a b i l i z i n g  th a n  cyano by 1 -2  k c a l/m o l. T h is  f u n c t io n a l  g ro u p , 
how ever, does n o t  ap p ea r to  s t a b i l i z e  one te rm in u s  more th a n  th e  o th e r .  
T h is  l a s t  r e s u l t  would in d ic a te  an a p p a re n t la c k  o f  any s i g n i f i c a n t  
c h a rg e  developm ent w ith  t h i s  amount o f  on e-en d  d i s t o r t i o n  (p . lU 3 ) .
F ig u re  9 in d ic a te d  t h a t  th e  o n e - and tw o-end  d i s t o r t i o n s  
o f  b u ta d ie n e  cau sed  o r b i t a l  en ergy  changes and r e d i s t r i b u t i o n  o f  
c h a rg e  s im i la r  to  th o s e  o b se rv ed  i n  th e  e th y le n e  sy stem . Athough 1-CN 
o n e-en d  d i s t o r t e d  more e a s i l y  th a n  I-NH2 by 1 k c a l/m o l,  2-NH2 d i s t o r t e d  
m ore e a s i l y  th a n  2-CN by22 k c a l/m o l. The c o m p u ta tio n a l r e s u l t s  in  
T ab le  V a ls o  showed t h a t  I4-CN one-end  d i s t o r t e d  m ore e a s i l y  th a n  1-CN 
by 1 k c a l/m o l, b u t  I-NH2 s t a b i l i z e d  th e  one-end  d i s t o r t i o n  more e a s i ly  
th a n  I4-NH2 by 3 k c a l/m o l.
For th e  2 - s u b s t i t u t e d  b u ta d ie n e s ,  3-CN one-end  d i s t o r t e d  more 
e a s i l y  th a n  2-CN by  1 k c a l/m o l;  and 3-NH2 d i s t o r t e d  more e a s i l y  th a n  
2-NH2 by 3 k c a l/m o l. The on e-en d  d i s t o r t i o n  o f  2 - s u b s t i tu te d  b u ta ­
d ie n e s ,  l i k e  e th y le n e ,  showed a 2 k c a l/m o l l a r g e r  amount o f  s t a b i l i ­
z a t io n  w ith  amino s u b s t i t u t i o n  th a n  upon cyano s u b s t i t u t i o n .  T h is  
c o u ld  be  th e  r e s u l t  o f  th e  developm ent o f  a  s l i g h t  amount o f  p o la r  
c h a r a c te r  upon th e  on e-en d  d i s t o r t i o n  o f  b u ta d ie n e .
The tw o-end  d i s t o r t e d  b u ta d ie n e  i s  more s t a b l e  th a n  th e  2-CN by 
3 k c a l/m o l.  However, amino s u b s t i t u t i o n  d id  n o t show any p re fe re n c e  
f o r  th e  1 -  o r  2 - p o s i t io n  o f  th e  tw o-end  d i s t o r t e d  b u ta d ie n e .  1 -cyano  
s u b s t i t u t i o n  was 3 k c a l/m o l more s t a b i l i z i n g  th a n  1 -  o r  2 -cyano su b -
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F ig u re  9* One- and tw o-end d i s t o r t i o n s  o f  b u ta d ie n e .
A lth o u g h , th e  tw o-end  d i s t o r t i o n  o f  th e  amino b u ta d ie n e  d id  n o t 
show any p o s i t i o n a l  e f f e c t s ,  t h e  one-end  d i s t o r t i o n  o f  2-am in o b u tad ien e  
was n o t o n ly  e a s i e r  to  d i s t o r t  th a n  1 -am in o b u tad ien e  by 3 k c a l /m o l,  b u t 
a l s o  e a s i e r  t o  d i s t o r t  th a n  th e  c y an o b u ta d ie n es  by 2 k c a l/m o l. Note 
t h a t  f o r  th e  one-end  d i s t o r t i o n  o f  b u ta d ie n e ,  cyano s u b s t i t u t i o n  d id  
n o t show any p o s i t i o n a l  e f f e c t s .
I t  h a s  b een  shown p re v io u s ly 125 tha t- d i s t o r t i o n  r e s u l t s  in  a
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d e s t a b i l i z a t i o n  o f  t h e  o c c u p ie d  o r b i t a l s .  I f  t h e  B a d e r , Salem  and  
P e a rs o n  m o d e l127 o f  u n im o le c u la r  r e a c t i v i t y  i s  u t i l i z e d ,  th e n  a  su b ­
s t i t u e n t  w hich  s t a b i l i z e s  a  d i s t o r t i o n  w i l l  c a u se  d i r e c t l y ,  by i t s  
e l e c t r o n i c  n a t u r e ,  and  i n d i r e c t l y ,  b y  i t s  r e l a x a t i o n  o f  sym m etry con­
s t r a i n t s ,  in t r a m o le c u la r  m ix in g  o f  t h e  f i l l e d  o r b i t a l s  w ith  t h e  v a c a n t  
o r b i t a l s  ( p o l a r i z a t i o n ) . T h is  p o l a r i z a t i o n  w i l l  mean l e s s  d e s t a b i l i ­
z a t i o n  o f  one o r  m ore o f  o c c u p ie d  o r b i t a l s  an d  th u s  a  re d u c e d  am ount o f  
d i s t o r t i o n  e n e rg y . H ow ever, we h ave  n o t y e t  b e e n  a b le  t o  d e te rm in e  
w h ich  it* and  c m o le c u la r  o r b i t a l s  a r e  in v o lv e d  i n  t h i s  p o l a r i z a t i o n  
f o r  t h e  e th y le n e  o r  b u ta d ie n e  s y s te m s .
The g e n e r a l  f e a t u r e s  o b s e rv e d  f o r  th e  d i s t o r t i o n s  o f  b u ta d ie n e  and 
i t s  d e r i v a t i v e s  was a  b e t t e r  o v e r a l l  c o r r e l a t i o n  b e tw een  r a d i c a l  
s t a b i l i t y  and  e a s e  o f  d i s t o r t i o n  b e c a u se  t h e r e  d id  n o t  a p p e a r  t o  be  
any  s i g n i f i c a n t  c h a rg e  d ev elo p m en t (p . 1 3 7 ) .  As a  g ro u p , 1 - s u b s t i t u t e d ,  
b u ta d ie n e  d e r i v a t i v e s  o f  th e  o n e -  and tw o -e n d  d i s t o r t i o n s  d id  n o t  
d i s t o r t  any  e a s i e r  th a n  th e  2 - s u b s t i t u t e d  d e r i v a t i v e s . 1 ^®
E x p e r im e n ta l ly ,  t h e  ra n g e  o f  a c t i v a t i o n  e n e r g ie s  f o r  v a r io u s  su b ­
s t i t u t e d  b u ta d ie n e - e th y le n e  sy s te m s  was l a r g e r  th a n  t h e  c a l c u l a t e d  6 
k c a l /m o l  ra n g e  o f  v a lu e s  f o r  t h e  v a r io u s  d i s t o r t i o n  e n e r g i e s .  How­
e v e r ,  t h e  c a l c u l a t e d  i n t e r a c t i o n  e n e rg y  ra n g e  f o r  t h e  v a r io u s  
d e r i v a t i v e s  o f  t h e  S-H b u ta d ie n e  an d  e th y le n e  t r a n s i t i o n  s t a t e s  was 9 
k c a l /m o l  l a r g e r  th a n  th e  6 k c a l /m o l  ra n g e  o f  t h e  d i s t o r t i o n  e n e rg y .
The s m a l le r  ra n g e  o f  t h e  d i s t o r t i o n  e n e rg y  i n d i c a t e d  t h a t  i t  was n o t  
t h e  m a jo r  v a r i a b l e  a f f e c t e d  by  t h e  i n t r o d u c t i o n  o f  s u b s t i t u e n t s .
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F a r t  D. S u b s t i tu e n t  E f f e c ts  on th e  I n t e r a c t io n  and A c t iv a t io n  E n e rg ie s  
Now t h a t  th e  t r e n d s  and m ag n itu d es  o f  th e  d i s t o r t i o n  energ y  f o r  
th e  v a r io u s  d e r iv a t iv e s  o f  th e  two extrem e t r a n s i t i o n  s t a t e s  have heen 
e x p lo re d , th e  i n t e r a c t i o n  e n e rg ie s  and t h e i r  com ponents f o r  th e s e  
d e r iv a t iv e s  can  now be  exam ined. T ab les  V ic and V IIc  c o n ta in  a  compi­
l a t i o n  o f  th e  i n t e r a c t i o n  energ y  components a s  w e ll  as  th e  a c t i v a t i o n  
en erg y  f o r  th e  v a r io u s  d e r iv a t iv e s  o f  t h e  tw o-end  com plexes (S-H 
c o n c e r te d  g e o m e try ). T ab le s  VId and  V IIc  c o n ta in  th e  same ty p e  o f  
in fo rm a tio n  ab o u t th e  d e r iv a t iv e s  o f  th e  one-end  com plexes (S-H 
d i r a d i c a l  g e o m e try ) . The e n e rg ie s  l i s t e d  i n  T ab les  V ic and V IIc  a re  
r e l a t i v e  to  th e  S-H c o n c e r te d  b u ta d ie n e -e th y le n e  t r a n s i t i o n  s t a t e s  
and th o s e  e n e rg ie s  in  T ab le s  VId and V lld  a r e  r e l a t i v e  to  th e  S-H 
d i r a d i c a l  b u ta d ie n e -e th y le n e  t r a n s i t i o n  s t a t e s .
The a c t i v a t io n  en erg y  ra n g e s  f o r  th e  tw o-end  com plexes o f  1 -  and 
2 - s u b s t i t u t e d  b u ta d ie n e  d e r iv a t iv e s  w ere 13 and 12 k c a l/m o l, 
r e s p e c t iv e ly .  W hereas, th e  ra n g e s  o f  th e  1 -  and 2 - s u b s t i tu te d  
com plexes w ere 15 and ll* k c a l/m o l.  The ran g e  f o r  th e  on e-en d  com plexes 
show a  much g r e a t e r  v a r i a t i o n  o f  th e  a c t i v a t i o n  energy  upon s u b s t i t u t i o n  
th a n  do th e  a c t i v a t i o n  e n e rg ie s  o f  th e  tw o-end com plexes w hich were 
m ore c lu s t e r e d  a ro u n d  39 k c a l/m o l th a n  th e  v a lu e  o f  th e  ra n g e  would 
i n d ic a te  . E x p e r im e n ta lly , th e  ra n g e  was 9 k c a l/m o l f o r  th e  v a r io u s  
b u ta d ie n e  r e a c t io n s  and a round  12 k c a l/m o l i f  th e  r e a c t io n s  o f  c y c lo -  
p e n ta d ie n e  w ere in c lu d e d  (T ab le  V I I I ) .
T ab le  V I I I .  E x p e rim en ta l Gas Phase A c tiv a t io n  E n e rg ie s  f o r  V arious 
_____________ D ie ls -A lde r  Re a c t i o n s .
Htni.Tr
Y T able  V II I  c o n tin u e d  on page 151.
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end  Complexes R e la t iv e  t o  t h e  S-H C o n ce rted  T r a n s i t io n  S t a t e . _______
O'
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E h2
T a b le  V ic . 1 - S u b s t i t u te d  B u ta d ien e  D e r iv a t iv e s .
X nh2 nh2 CN nh2 -nh2 CN
y CN nh2 CN CN nh2 CN
AE - 2 0 0 - 2 -1 -1
AES 3 8 3 7 3
AEX 2 5 3 V ic 3 6 3
AIC -2 12 6 U 11 5
AD -2 -3 -5 - 2 -3 -5
AEa 0 9 1 2 8 0
V ic
T ab le  V I I c . 2 - S u b s t i t u te d  B u ta d ien e  D e r iv a t iv e s ,
O'
E -lU  
Es 59 
E* -6 9e
I  -2 5
D 67
E b2 a
O : C r
X nh2 nh2 CN nh2 nh2 CN
y CN nh2 CN CN nh2 CN
AE -2 -1 -1 -2 -2 -1
AES k 8 T k 8 1
AE* - 1 3 1 V IIc 0 1* 1
AIC 1 11 2 2 9 1
AD -2 -3 -2 -2 -3 -2
AE -1 8 0 0 6 -1
V IIc
T a b le s  VId and VTId. I n t e r a c t i o n  and D i s t o r t i o n  E n e rg ie s  o f  
V a rio u s  O ne-end Complexes R e la t iv e  t o  t h e  S-H B i r a d ic a l
T r a n s i t io n  S t a t e .
1 - S u b s t i t u t e d  B u ta d ien e  D e r iv a t iv e s
ET - k l
2 - S u b s t i t u t e d  B u tad ien e  
D e r iv a t iv e s
•
^  y
V v • 
\ -
■
y
nh2 CN nh2 nh2 CN
H H CN H H
0 0 -2 -1 0
2 _1 1 It -2-1 o V I d -8 -3 -21 -2 -10 0 -It-1 -1 -3 -3 -2-1 -3 -lU -3 -6
V lld
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T a b le
W
V II I  c o n tin u e d . 
X Y Z P h ase Log AC /m ol s e c ) E a{ k ca l/m o l)
H H H H gas 7 .5  ± 0 .8 2 7 .5  ± 1
H H H -CH0 gas 6 .2  ± o.l* 1 9 .7  ± 0 .6
H H - ch=ch2 H g as 6 ,9 8  ± 0 , l 8 2 3 .7  ± 0 .2
H 2-CH3 H -CHO gas 6 .0  ± 0 .5 1 8 .7  ± 0 .8
H 2-CH3 - ch3 -CH0 gas 6 .0  ± 0 .7 2 2 .0  ± 1 .0
CH 2 H - ch2 - CH = CH- gas 6 .1  ± 0.U 1 6 .7  ± 0 .6
ch2 H H -CH0 gas 6 .2  ± 0 .5 1 5 .2  ± 0 .8
U n f o r tu n a te ly ,  no e x p e r im e n ta l  r e s u l t s  a r e  y e t  a v a i l a b le  f o r  any amino 
s u b s t i t u t e d  d e r iv a t iv e s  o f  t h e  b u ta d ie n e  o r  e th y le n e  sy s te m s .
C o n tra ry  t o  th e  t r e n d s  in  t h e  e x p e r im e n ta l  r e s u l t s  (T ab le  V I I I ) ,  
t h e  c a l c u l a t i o n s  in  T a b le s  VI and  V II su g g e s t t h a t  a  m a jo r i ty  o f  th e  
s u b s t i t u t e d  com plexes w ere l e s s  s t a b l e  th a n  th e  p a r e n t  t r a n s i t i o n  
s t a t e s .  C o n s id e r , a s  an  ex am p le , t h e  tw o -en d  com plex o f  1 -am in o - 
b u ta d ie n e -o -c y a n o e th y le n e  w hich  had  an a c t i v a t i o n  en erg y  a lm o s t e q u a l 
t o  t h a t  f o r  t h e  S-H synch ronous t r a n s i t i o n  s t a t e .  However, th e  
ex p erim en ta l, r e s u l t s  i n  T ab le  V I I I  i n d i c a t e  t h a t  a s  t h e  b u ta d ie n e  
becom es a  b e t t e r  donor and th e  e th y le n e  a  b e t t e r  a c c e p to r ,  th e  a c t i v a ­
t i o n  en erg y  d e c r e a s e s .
A lth o u g h  th e  c o rre sp o n d in g  o n e -en d  com plex o f  1 -a m in o b u ta d ie n e -
o -c y a n o e th y le n e  had an a c t i v a t i o n  en erg y  m ore s t a b l e  th a n  th e  p a r e n t  
S-H d i r a d i c a l  by  9 k c a l /m o l ,  t h i s  o n e -en d  com plex was s t i l l  l e s s  
s t a b l e  th a n  th e  tw o -en d  com plex by  6 k c a l/m o l.
The a b s o lu te  v a lu e  o f  t h e  tw o -en d  i n t e r a c t i o n s  w ere g e n e r a l ly  
l a r g e r  th a n  th o s e  o f  t h e  o n e -en d  i n t e r a c t i o n s  by  5 k c a l /m o l .  T h is  
was p ro b a b ly  th e  r e s u l t  o f  t h e  l a r g e r  amount o f  o v e r la p  b e tw een  th e  
frag m e n ts  f o r  th e  tw o -en d  co m p lex es . The d i f f e r e n c e  i n  a c t i v a t i o n  
e n e rg y  d i f f e r e n c e s  be tw een  th e  o n e -en d  and tw o—end com plexes w ere 
s m a l le r  th a n  t h e  c o rre sp o n d in g  ST0-3G a c t i v a t i o n  e n e rg y  d i f f e r e n c e s
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"between th e  S-H c o n c e r te d  and  d i r a d i c a l  t r a n s i t i o n  s t a t e s .
H ouk*12 h ad  s p e c u la te d  in  h i s  l a t e s t  re v ie w , t h a t  th e  en erg y  
d i f f e r e n c e s  "between th e  c o n c e r te d  and d i r a d i c a l  t r a n s i t i o n  s t a t e s  w ould 
i n c r e a s e  a s  one moved to w ard s  " b e tte r  d o n o r -a c c e p to r  i n t e r a c t i o n s .
T h is  was "based on th e  a ssu m p tio n  t h a t  t h e  s u b s t i t u e n t s  w ould p r im a r i ly  
e f f e c t  t h e  c h a rg e  t r a n s f e r  te rm . S in c e  t h e  c o n c e r te d  t r a n s i t i o n  s t a t e  
h ad  th e  l a r g e r  c h a rg e  t r a n s f e r  component i t  w ould be  s t a b i l i z e d  t o  a  
much g r e a t e r  e x te n t  by  s u b s t i t u t i o n  th a n  t h e  d i r a d i c a l  t r a n s i t i o n  
s t a t e  w hich had  th e  s m a l le r  c h a rg e  t r a n s f e r  com ponent. However, th e  
ST0-3G r e s u l t s  i n d i c a t e  t h a t  s u b s t i t u e n t s  w hich  sh o u ld  in c r e a s e  th e  
d o n o r -a c c e p to r  c h a r a c te r  o f  th e  f r a g m e n ts ,  s t a b i l i z e  th e  d i r a d i c a l  o n e - 
end  com plex m ore th a n  t h e  c o n c e r te d  tw o -en d  com plex. T h is  i s  r e a s o n ­
a b l e ,  s in c e  t h e  r a d i c a l  c e n te r s  w ould demand more p a r t i c i p a t i o n  by  
th e  s u b s t i tu e n tC b} due t o  th e  C-C d e lo c a l i z a t i o n  l o s t  by  m oving from  
a  tw o -en d  com plex t o  a  o n e -en d  com plex. I n  a d d i t i o n ,  s u b s t i t u t i o n  
w hich  w i l l  in c r e a s e  t h e  d o n o r -a c c e p to r  i n t e r a c t i o n ,  w i l l  a l s o  b e  
e x p e c te d  to  f a c i l i t a t e  c o n f ig u r a t io n  i n t e r a c t i o n ,  and t h i s  in  t u r n  
w i l l  in d u c e  a  g r e a t e r  amount o f  c h a rg e  p o l a r i z a t i o n  i n t o  t h e  o n e -en d  
com plex e v e n tu a l ly  m aking  th e  o n e -e n d  com plex z w i t t e r io n ic  i f  th e  
f ra g m e n ts  become an e x c e p t io n a l ly  s t ro n g  d o n o r -a c c e p to r  p a i r .  T h is  
l e a d s  t o  th e  fo l lo w in g  ty p e  o f  p i c t u r e  i n  F ig u re  1 0 .
I n  a l l  c a s e s  e x c e p t o n e , t h e  tw o -en d  com plex was m ore s t a b l e  th a n  
th e  o n e -en d  com plex. The e x c e p t io n ,  2 -am in o b u ta d ie n e -C p ).-c y an o e th y le n e  
fa v o re d  th e  on e-en d  com plex by  0 .5  k c a l /m o l .  At th e  o th e r  e x tre m e , 
some tw o—end com plexes w ere m ore s t a b l e  th a n  t h e i r  c o rre sp o n d in g  o n e - 
en d  com plexes by  20 k c a l /m o l .  I n  th e  c a s e  o f  2 -a m in o b u ta d ie n e - (p ) -
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Do n o r - A c c e p t o r  S t r e n g t h
F ig u re  1 0 . E nergy  d i f f e r e n c e  "between th e  c o n c e r te d  and s te p w is e
t r a n s i t i o n  s t a t e s  as  a  f u n c t io n  o f  d o n o r - a c c e p to r  s t r e n g t h .
c y a n o e th y le n e , n o t  o n ly  was t h e  d i s t o r t i o n  e n e rg y  th e  lo w e s t  f o r  any 
o n e -e n d  c o m p lex es , b u t  t h e  d e s t a b i l i z i n g  i n t e r a c t i o n  e n e rg y  was a l s o  
th e  lo w e s t  f o r  any  o n e -e n d  com plex . T hose d e r i v a t i v e s  t h a t  d ra m a t­
i c a l l y  s t a b i l i z e  t h e  tw o -e n d  com plex m ore th a n  t h e  o n e -e n d  com plex 
h ad  th e  l a r g e s t  o n e -e n d  d e s t a b i l i z i n g  i n t e r a c t i o n  and  d i s t o r t i o n  
e n e r g ie s  o f  t h e  o n e -e n d  d e r i v a t i v e s .
The s o u rc e  o f  t h e  d is c r e p a n c y  b e tw een  t h e  e x p e r im e n ta l  and  c a lc u ­
l a t e d  a c t i v a t i o n  e n e r g ie s  can  b e  c a u se d  b y  s e v e r a l  f a c t o r s . The m ost 
o b v io u s  v a r i a b l e s  t h a t  m e r i t  s e r io u s  c o n s id e r a t io n  a r e  t h e  p o s s i b i l i t y  
o f  a  b a s i s  s e t  d e f i c i e n c y  an d  t h e  u n o p tjm iz e d  n a tu r e  o f  t h e  s u b s t i t u t e d  
co m p lex es . The b a s i s  s e t  f o r  a  few  o f  t h e  tw o -en d  com plexes w ere  
expanded  t o  U-31G, b u t  t h i s  d id  n o t  d r a m a t ic a l ly  a l t e r  t h e  e n e rg y  
s e p a r a t i o n  b e tw ee n  t h e  c o n c e r te d  and  d i r a d i c a l  co m p lex es . The
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u n o p tim ized  n a tu re  o f  th e  s u b s t i t u t e d  m odels does n o t a llo w  any r e l a x ­
a t io n  o f  th e  o n e - and  tw o-end  com plexes. T h is  i s  p ro b a b ly  a  more 
s e v e re  ap p ro x im a tio n  f o r  th e  tw o-end  com plexes b ecau se  th e  s u b s t i t u e n ts  
and frag m en ts  a re  i n  a  much s m a lle r  volume o f  sp a c e . However, a llo w in g  
th e  s t r u c tu r e s  to  p a r t i a l l y  r e l a x  d id  n o t d r a m a tic a l ly  a l t e r  th e  
s t r u c tu r e s  o r  th e  r e s u l t i n g  i n t e r a c t i o n  e n e r g ie s .  Thus i t  would ap p ear 
t h a t  th e  t r a n s i t i o n  s t a t e s  o f  th e  s u b s t i t u t e d  c a se s  a r e  somewhat 
d i f f e r e n t  from  th e  m odels p re s e n te d  h e re .  In  r e a l i t y ,  th e  r e a l  
t r a n s i t i o n  s t a t e  p ro b a b ly  l i e s  somewhere betw een th e  synchronous and 
s te p w ise  e x tre m e s . Though th e  a b s o lu te  v a lu e s  a re  n o t c lo s e  to  
e x p e r im e n ta l r e s u l t s ,  th e  t r e n d s  among th e  s u b s t i t u t e d  o n e - and tw o-end  
com plexes a re  e x p ec te d  t o  be more a c c u ra te  b ecau se  th e  e r r o r s  w ith in  
a  p a r t i c u l a r  t r a n s i t i o n  s t a t e  geom etry  a r e  e x p ec te d  t o  c a n c e l , 128
The r e g i o s e l e c t i v i t y  o f  th e  tw o-end  com plexes shown (v id e  p o s t ) 
in  T ab les  Vic and  V IIc  a g r e e s ,  f o r  th e  m ost p a r t ,  w ith  e x p e r im en ta l 
r e s u l t s  a s  w e ll  a s  w ith  th e  p re v io u s  r a t i o n a l i z a t i o n s  and p r e d ic t io n s  
b a sed  o n ly  on c h a rg e  t r a n s f e r .  The o n ly  e x c e p tio n s  w ere found  w ith  
th e  tw o-end  com plexes o f  1 -c y a n o b u ta d ie n e -c y a n o e th y le n e . The 1 -cy an o - 
b u ta d ie n e -(m )-c y a n o e th y le n e  re g io iso m e r  was c a lc u la te d  t o  be  1 k c a l/m o l 
more s t a b l e  th a n  l-c y a n o b u ta d ie n e (o )-c y a n o e th y le n e  and 2-c y a n o b u ta -  
d ie n e -(m )-c y a n o e th y le n e . E x p e rim en ta l r e s u l t s ,  in  a d d i t io n  to  f r o n t i e r  
o r b i t a l  r a t i o n a l i z a t i o n s , in d ic a te d  t h a t  th e  o r th o  isom er sh o u ld  be 
somewhat more s t a b l e  th a n  th e  m eta iso m e r. An ex am in a tio n  o f  th e  
a c t i v a t io n  com ponents f o r  l-c y a n o b u ta d ie n e -(m )-c y a n o e th y le n e  in d ic a te d  
t h a t  th e  m eta  iso m er was more s t a b l e  th a n  th e  o r th o  iso m er due to  an 
a p p a re n t d e c re a se  i n  exchange r e p u ls io n .  W hereas, th e  a p p a re n t re a so n  
f o r  m eta  s t a b i l i z a t i o n  o f  th e  2-ey an o b u t'a d ie n e -cy a n o e th y len e  complex
151+
was due t o  a n  i n c r e a s e  i n  t h e  e l e c t r o s t a t i c  com ponent. T hese  d i s c r e p ­
a n c ie s  w ere  p ro b a b ly  due t o  g e o m e tr ic a l  u n c e r t a i n t i e s  o f  t h e  m o d e ls . 
D e s p i te  t h e s e  e x c e p t io n s , t h e  re m a in in g  re g io c h e m ic a l  r e s u l t s  from  
T a b le s  V ic and V IIc  p a r a l l e l  t h e  e x p e r im e n ta l ly  o b s e rv e d  r e s u l t s .  How­
e v e r ,  t h e s e  m odels  a r e  s t i l l  f a r  from  d u p l i c a t i n g  th e  e x p e r im e n ta l ly  
o b se rv e d  s u b s t i t u e n t  e f f e c t s .
As one moves from  I-NH 2 t o  2 -NH2 tw o -en d  com plexes b o th  exchange  
r e p u l s io n  an d  c h a rg e  t r a n s f e r  i n c r e a s e .  F o r th e  cyano d e r i v a t i v e s ,  
h o w e v er, exchange  r e p u l s io n  d e c r e a s e s  and  c h a rg e  t r a n s f e r  i n c r e a s e s . 
T h is  w ou ld  im p ly  t h a t  th e  s t e r i c  e f f e c t  o f  CN was g r e a t e r  th a n  NH2 . 
E x a m in a tio n  o f  t h e  m o le c u la r  o r b i t a l s  MO f o r  t h e  NH2 com plexes i n d i ­
c a te d  t h a t  exchange  r e p u l s io n  an d  c h a rg e  t r a n s f e r  sh o u ld  i n c r e a s e  
b e c a u s e  t h e  e f f e c t i v e  o v e r la p  b e tw ee n  f ra g m e n ts  w ould  be e x p e c te d  t o  
in c r e a s e  a s  one moves from  I-NH2 t o  2-NH2 co m p lex es .
I f  th e  am ino was an  e s p e c i a l l y  b u lk y  g ro u p , t h e  exchange r e p u l s io n
sh o u ld  b e  e x p e c te d  t o  d e c r e a s e  upon  2 - s u b s t i t u t i o n .  However, i n  th e
c a s e  o f  t h e  cyano b u ta d i e n e s , t h e  e x t r a  exchange  r e p u l s io n  in  t h e  1 -
po s i t  io n  was due p o s s ib ly  t o  t h e  o v e r la p  b e tw een  th e  it CN (w hich  was 
o r th o g o n a l  t o  t h e  b u ta d ie n e  sy s te m  it o r b i t a l s )  an d  t h e  i r - e th y le n e  HOMO. 
T h is  r e p u l s iv e  i n t e r a c t i o n  was n o t  p r e s e n t  i f  t h e  tt-CN i s  s u b s t i t u t e d  
in  t h e  2 - p o s i t i o n ,
The 2 - s u b s t i t u t e d  d e r i v a t i v e s  o f  th e  d i r a d i c a l  com plexes w ere  a l s o  
m ore s t a b i l i z e d  th a n  t h e  1 - s u b s t i t u t e d  d e r i v a t i v e s .  M o reo v er, b o th  
ex ch an g e  r e p u l s io n  and  c h a rg e  t r a n s f e r  i n c r e a s e d  a s  t h e  s u b s t i t u e n t s  
s h i f t  from  t h e  1 -  t o  t h e  2 - p o s i t i o n .  T h is  was due t o  an  in c r e a s e  o f  
t h e  o v e r la p  b e tw een  th e  ends o f  f ra g m e n ts  f o r  t h e  2- s u b s t i t u t e d  
d e r i v a t i v e s  w h ich  r e s u l t  from  in c r e a s e d  c o e f f i c i e n t  p o l a r i z a t i o n .
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I t  was a ls o  I n t e r e s t i n g  to  n o te  i n  T ab les  V ic and V IIc  t h a t  am ino- 
b u ta d ie n e s -c y a n o e th y le n e s  w ere more s t a b l e  th a n  cy an o b u tad ien es-am in o - 
e th y le n e s .  Thus d o n o r-b u ta d ie n e -a c c e p to r  e th y le n e s  ap p ea r to  be  more 
s t a b l e  th a n  a c c e p to r  b u ta d ie n e s -d o n o r  e th y le n e s .  T h is  ap p ea red  t o  be 
cau sed  by th e  g r e a t e r  amount o f  d i s t o r t i o n  p re s e n t  i n  th e  b u ta d ie n e  
fragm en t w hich in  t u r n  r e s u l t e d  i n  l e s s  s t e r i c  i n t e r a c t i o n  betw een a
1 - s u b s t i t u t e d  b u ta d ie n e  and th e  e th y le n e  frag m e n t. Thus th e  d is ta n c e  
betw een a  1 - s u b s t i t u t e d  (b u ta d ie n e )  t o  Cg (e th y le n e )  was l a r g e r  th a n  
th e  d is ta n c e  betw een a  s u b s t i t u e n t  on C g (e th y le n e ) t o  C i ( b u ta d ie n e ) :
The r e s u l t s  o f  t h i s  d i f f e r e n c e  in  s t e r i c  i n t e r a c t i o n  w ere o b serv ed  
upon com parisons o f  th e  2-a m in o b u ta d ie n e -cy a n o e th y len e  com plexes and 
th e  2 -c y a n o b u tad ien e -am in o e th y len e  com plexes. The s t e r i c  e f f e c t  o f  
amino s u b s t i t u t i o n ,  on e th y le n e ,  in c re a s e d  exchange r e p u ls io n  by 1 
k c a l/m o l r e l a t i v e  t o  cyano . However, th e  l a r g e r  e f f e c t  was th e  3-U 
k c a l/m o l l o s s  o f charge  t r a n s f e r  th a n  a ls o  o c c u rre d  w ith  am in o e th y len e  
s u b s t i t u t i o n .  Thus th e  n e t  H0M0-LUM0 o v e r la p  betw een am in o b u tad ien e - 
cy an o e th y len e  was g r e a t e r  th a n  th e  n e t  HOMO-LUMO o v e r la p  betw een cyano- 
b u tad ien e-am in o  e th y le n e  b ecau se  th e  a n tib o n d in g  i n t e r a c t io n s  o f  th e
Bi = 2.92& 
R2 = 2.27A
O
R j '  a  2 . 6 9 A
r2" = 2.9UX
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lo n e  p a i r  amino o r b i t a l  on e th y le n e  and th e  c y an o b u ta d ie n e  w ere g r e a t e r
th a n  th e  a n tib o n d in g  lo n e  p a i r  o r b i t a l  i n t e r a c t i o n  betw een  am ino-
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b u ta d ie n e  and c y a n o e th y le n e  :
I n  T a b le  IX th e  d e r i v a t i v e s  o f  t h e  tw o-end  com plexes have b een  
g rouped  so  t h a t  t h e  r e g io  iso m ers  o f  a  p a r t i c u l a r  b u ta d ie n e  d e r iv a t iv e  
a re  p a i r e d  u p .
T a b le  IX . Com parison o f  th e  Two-end A c t iv a t io n  E n e rg ie s  f o r
D i f f e r e n t  R e g io isa m e rs .
m *  Q r
Lumo t±c>rr
H o m o . U W
X
Y
nh 2
CN
NH2
CN
CN CN 
NH2 n h 2
n h 2 nh2 
nh2 nh2
CN CN 
CN CN
0
+1
+2
+2 —  +2
-1
+2
+2
.—  -1
—  +1
—  -1
—  -1
-1
0
-1
-1a
T a b le  IX c o n tin u e d  on n e x t  p ag e :
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X nh2 nh2 CN CN nh2 nh2 CN CN
Y CN CN nh2 nh2 nh2 nh2 CN CN
AE__prp z
0
+1
— 0
0
— 0
0 z
0
0
AI — +2 — +1 — -2 — -1
AE — +1 — +1 — -2 — -1
Now th e  c o r r e l a t i o n  o f  changes in  ch arg e  t r a n s f e r  and  exchange r e p u l ­
s io n  w ith  th e  a c t i v a t i o n  en ergy  changes can  he exam ined s in c e  th e  
e f f e c t s  o f  th e  d i s t o r t i o n  energ y  w i l l  c a n c e l .  These r e s u l t s  show t h a t  
in c r e a s e s  in  ch arg e  t r a n s f e r  and d e c re a se s  in  exchange re p u ls io n  
p a r a l l e l  c o rre sp o n d in g  d e c re a se s  in  th e  a c t i v a t io n  e n e rg y . C lo se r 
e x am in a tio n  o f  th e  a c t i v a t io n  com ponents r e v e a le d  two b a s ic  p a t t e r n s  
o f  c o u p lin g  betw een th e  c h a r g e - t r a n s f e r  and exchange re p u lB io n . Gen­
e r a l l y ,  i f  th e  c h a rg e  t r a n s f e r  component in c re a s e s  th e  exchange r e p u l ­
s io n  component w i l l  d e c re a s e . However, i f  th e  ch arg e  t r a n s f e r  and 
exchange com ponents b o th  in c r e a s e ,  th e  g a in s  in  c h a r g e - t r a n s f e r  w i l l  
o f f s e t  any in c r e a s e  in  exchange r e p u ls io n .
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C o n c lu s io n
The q u a n t i t a t i o n  o f  t h e  a c t i v a t i o n  e n e rg y  com ponents f o r  th e  
D ie ls - A ld e r  r e a c t i o n  was p a r t i a l l y  r e a l i z e d .  The d i s t o r t i o n  e n e rg y  
was v e r i f i e d  a s  t h e  m a jo r  d e s t a b i l i z i n g  com ponent o f  t h e  a c t i v a t i o n  
e n e rg y  and  e f f e c t s  o f  s u b s t i t u e n t s  on t h e  d i s t o r t i o n  e n e rg y  f o r  t h i s  
b im o le c u la r  r e a c t i o n  w ere  shown t o  b e  m in o r , y e t  s t a b i l i z i n g .
The i n t e r a c t i o n  e n e rg y  was fo u n d  t o  b e  a  s i z e a b le  s t a b i l i z i n g  com­
p o n e n t o f  th e  tw o -en d  c o n c e r te d  a c t i v a t i o n  e n e rg y  and  a  d e s t a b i l i z i n g  
com ponent o f  th e  o n e -e n d  d i r a d i c a l  a c t i v a t i o n  e n e rg y . The m a jo r  r e s u l t  
o f  s u b s t i t u t i o n  on th e  a c t i v a t i o n  e n e rg y  was i t s  e f f e c t  on  th e  i n t e r ­
a c t i o n  e n e rg y . R e s o lu t io n  o f  th e  i n t e r a c t i o n  e n e rg y  i n t o  i t s  compo­
n e n ts  showed th e  exchange r e p u l s io n  to  b e  t h e  m a jo r  d e s t a b i l i z i n g  
com ponent and t h e  e l e c t r o s t a t i c ,  c h a rg e  t r a n s f e r ,  and  th e  p o l a r i z a t i o n  
t o  b e  t h e  s t a b i l i z i n g  co m p o n en ts . F u r t h e r ,  th e  exchange r e p u l s io n  and  
t h e  c h a rg e  t r a n s f e r  e n e r g ie s  w ere  t h e  com ponents m ost s e n s i t i v e  t o  th e  
e f f e c t s  o f  s u b s t i t u e n t s .  D e r iv a t iv e s  o f  t h e  com plexes i n d i c a t e d  t h a t  
t h e  exchange  r e p u l s io n  and c h a rg e  t r a n s f e r  w ere c o u p le d . I f  th e  su b ­
s t i t u e n t  c a u se d  an I n c r e a s e  i n  c h a rg e  t r a n s f e r ,  i t  a l s o  r e s u l t e d  i n  a  
d e c re a s e  o f  exchange r e p u l s i o n  o r  v i c e  v e r s a . T h u s , f o r  t h i s  r e a c t i o n ,  
r e a c t i v i t y  and  r e g i o s e l e c t i v i t y  b a se d  on e i t h e r  t h e  m a x im iz a tio n  o f  
c h a rg e  t r a n s f e r  o r  m in im iz a t io n  o f  exchange  r e p u l s io n  sh o u ld  l e a d  to  
e q u iv a le n t  p r e d i c t i o n s .
We w an ted  t o  know i f  ab  i n i t i o  c a l c u l a t i o n s  on th e  S-H s u b s t i t u t e d  
com plexes w ould  re p ro d u c e  s u b s t i t u e n t  e f f e c t s  becausw e we w ere  a b le  
t o  c a l c u l a t e  e n t i r e  c o m p lex es . The r e s o l u t i o n  o f  t h e  i n t e r a c t i o n  
e n e rg y  Cl) w ould  th e n  a l lo w  a  m ore q u a n t i t a t i v e  a s s e s s m e n t o f  th e  
r e l a t i v e  Im p o rtan c e  o f  a l l  th e  i n t e r a c t i o n  co m ponen ts. T hese  r e s u l t s
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re p o r te d , h e re  sh o u ld  h e  m ore a c c u r a te  th a n  any q u a n t i t a t i v e  p e r tu r b a ­
t i o n  a n a ly s i s  b e ca u se  th e s e  r e s u l t s  a r e  b a se d  on  f u l l  ab  i n i t i o  
c a l c u l a t i o n s  o f  e n t i r e  com plexes w hich  w ere d i r e c t l y  r e l a t e d  to  
t r a n s i t i o n  s t a t e  s t r u c t u r e s .  A lth o u g h  th e r e  w ere some i n t e r e s t i n g  
o b s e r v a t io n s  and  t r e n d s ,  t h e  o v e r a l l  p i c t u r e  i n d ic a te d  t h a t  th e  
t r a n s i t i o n  s t a t e s  o f  th e  d e r iv a t iv e s  v a ry  to o  much from  th e  p a re n t  
t r a n s i t i o n  s t a t e s  t o  be  a d e q u a te ly  ap p ro x im a ted  by m e re ly  ta c k in g  on 
s u b s t i t u e n t s .  To a t t a c k  t h i s  p rob lem  w ith  an  im proved a c c u ra c y  w i l l  
r e q u i r e  co m p le te  g e o m e tr ic a l  o p t im iz a t io n s  a s  w e l l  a s  b ig g e r  b a s i s  s e t s ,  
t o  a d e q u a te ly  r e f l e c t  th e  e n e r g e t ic  e f f e c t s  c au sed  by  s u b s t i t u t i o n .
T hus, th e  p re v io u s  q u a n t i t a t i v e  p e r tu r b a t io n  a n a ly s e s  o f  t h e  i n t e r ­
a c t io n  e n e rg y , e s p e c i a l l y  f o r  th o s e  r e a c t io n s  in v o lv in g  l a r g e  g e o m e tr ic  
u n c e r t a i n t i e s ,  c an n o t be  u se d  t o  q u a n t i t a t i v e l y  a s s e s s  s u b s t i t u e n t  
e f f e c t s  f o r  t h i s 1 3 0 -1 **1 o r  o th e r  b im o le c u la r  r e a c t i o n s .
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